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Abstract
Oil spill models, ecological risks, response options, and costs were assessed for a discharge
of Bakken crude oil into the Northern San Francisco Bay from a train derailment. This
assessment was based on the risk of crude by rail derailments into the San Francisco Bay;
in 2014, California oil refineries imported over 240 million gallons of Bakken crude oil by
rail for processing. A hypothetical scenario was developed from a derailment on the Union
Pacific Railroad Bridge and discharging 100,000 gallons of Bakken crude oil into the
Northern San Francisco Bay. The oil trajectory impacted the Carquinez Strait, Suisun, San
Pablo, and northern Central Bays, totaling 64 square miles of water surface and 11 square
miles of shoreline oiled. The fate of the Bakken crude oil will immediately begin to
evaporate for approximately 12 hours and disperse into the water column for 5 days.
Afterward, the oil will begin to emulsify and 40% of the oil will remain on the surface.
Approximately 34 environmentally sensitive sites have a 20% chance or greater of being
oiled. Susceptible bird species are predominantly present in fall and winter; plants are
more susceptible during periods of growth in the spring and summer. The high dispersion
rate threatens fish and benthic organisms. Response methods were analyzed for cost,
effectiveness, and additional ecological impacts. Shoreline oiling should be limited and
mitigated depending on the incident circumstances: allowing the oil to burn if fire occurred
during derailment; or by dispersant application coupled with mechanical recovery, natural
recovery, and minimal shoreline cleanup with planting. Cost of response actions range
from $233,000 to $4.4 million; total cost including natural resource damages is estimated at
$18.4 million. Recommend increasing rail safety standards to prevent further incidents and
rail company involvement with oil spill response planning to increase response
effectiveness.

vii

Introduction
Crude by rail
The United States (U.S.) has increased the domestic supply of oil by using fracking
technology to access shale oil sources (Frittelli et al., 2014). To be processed, the shale oil must
be transported from the fracking fields to refineries. Refineries in the U.S. are predominately
located in port cities because the U.S has historically received the oil from foreign suppliers by
tank ship. The west coast of North America (Alaska, California, Hawaii, Oregon, and
Washington), has traditionally received oil by vessel (50%), pipeline (44%), and rail (4%)
(Pacific States/ British Columbia Oil Spill Task Force, 2016). The oil from the fracking fields is
being transported by pipeline, truck, or rail to coastal refineries. The established railroad
infrastructure, cost, and network make it the dominate means of transport of crude oil. The
increase in the U.S. domestic source of oil has led to an increase of shipment of crude oil by rail
by 4,200% from 2008 to 2013 (Frittelli et al., 2014). One type of oil that is being shipped is
Bakken crude oil from the North Dakota region. Bakken crude oil’s properties and flammability
have resulted in large explosions, deaths, and oil pollution during derailments due to rail cars
being punctured (Frittelli et al., 2014). In July, 2013, a train carrying Bakken crude oil derailed,
killed 46 people, spilled 1.6 million gallons of oil, and left the town of Lac-Mégantic, Quebec
burning for 36 hours (Frittelli et al., 2014).
Derailment risks
Increased shipment by rail increases risk of derailment. Lui et al. (2012) conducted a risk
analysis for freight line trains based on accident cause, track class, and speed. Track maintenance
on Class III lines was the leading cause of incidents; human error was the leading cause of
accidents on Class I, or mainlines (Lui et al., 2012). Incidents at speeds lower than 10 mph were
found to be human error and speeds over 25 mph were caused by equipment failures including
broken wheels, bearings, and axel failures (Lui et al., 2012). The Department of Transportation
estimates 10 derailments will occur per year. Since the Lac-Mégantic incident in 2013, a number
of large incidents have occurred in the North America (Table 1) (Lochner and Roberts, 2014).
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Table 1 (from Lochner and Roberts, 2014). Summary of larger crude by rail spills carrying Bakken crude oil in North America.

Location

Aliceville, Alabama

Date
16 February
2015
30
December
2012
8 November
2013

Lac-Mégantic, Quebec

5 July 2013

Mount Carbon, West Virginia

Casselton, North Dakota

Rail company

Amount (gallons)

CSX

>364,000

Genesee and Wyoming

475,000

Genesee & Wyoming
Montreal, Maine &
Atlantic

749,000

1.6 million

In 2014, California received over 5.7 million barrels (241,000,000 gallons) of oil by rail
(Pacific States/ British Columbia Oil Spill Task Force, 2016). There are 19 refineries in
California, and five refineries are located in the North San Francisco Bay (Figure 1): Chevron,
Richmond; Shell, Martinez; Tesoro Golden Eagle, Martinez; Phillips 66, Rodeo; Valero, Benicia
(California Energy Commission, 2013). In 2014, refineries in the San Francisco Bay Area were
receiving Bakken crude oil by railroad for processing (California Energy Commission, 2014). To
access refineries, trains carrying Bakken crude oil from the north need to cross the Union Pacific
Railroad bridge (Figure 1) (38º02.4333’N, 122º07.3833’W) to access refineries in Martinez,
Rodeo, and Richmond. The Union Pacific Railroad Bridge spans across the Carquinez Strait
from the town of Benicia to the north and Martinez to the south and is approximately 1-mile
long. A derailment occurring on or in proximity to the Carquinez Strait would cause severe
ecological damage to the San Francisco Bay.
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Figure 1 (From California Energy Commission, 2014). North San Francisco Bay refinery locations and railway lines. Refineries in
this area are 1- Chevron, 2-Phillips 66, 3-Valero, 4-Shell, 5- Tesoro Golden Eagle. A potential scenario that could impact the
marine waterway would be on the Union Pacific Railway Bridge crossing the Carquinez Strait. Burlington Northern Santa Fe
(BNSF) (red railway), Union Pacific, and Amtrak (blue railway) railways own the railroad tracks transiting the Northern San
Francisco Bay region. Amtrak is a passenger line and BNSF and Union Pacific railways transport goods.

San Francisco Bay
The San Francisco Bay is the largest estuary on the West Coast of the United States
(Figure 2) (Conomos, 1979). San Francisco Bay has three types of estuaries: 1) salt water, 2)
brackish, and 3) freshwater (Gewant and Bollens, 2010). The physical diversity of the San
Francisco Bay estuary makes it the largest and most important ecosystem in California
(Conomos, 1979). Most marine life in the San Francisco Bay depends on the marshes and
mudflats for food and shelter (Davis, 1982). There are 600,000 to 800,000 water birds present in
the San Francisco Bay at any time (Davis, 1982). Even with 90% of the marshes filled in, San
Francisco Bay is the most important habitat to resident and migratory birds (Davis, 1982). The
San Francisco Bay is on the Pacific Flyaway route for waterfowl that migrate annually from
Mexico to Canada (Davis, 1982). There are 75 species of birds that are regularly present in the
San Francisco Bay (Davis, 1982). Most of these species live in the marsh areas of Suisun and
Napa Bay (Davis, 1982). In Suisun Bay the water birds are typically found in the mudflats and
tidelands (Davis, 1982).
The San Francisco Bay is located close enough to the coast to be influenced by the tides,
saltwater, and is associated with a large fresh water river system. The Suisun Bay is where fresh
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water from the Sacramento and San Juaquin Rivers mix with the salt water from the Pacific
Ocean and is the largest wetland area in California (Davis, 1982). This area is referred to as the
San Francisco Delta and is considered a tidally influenced freshwater marsh (Leck et al., 2009,
Michel and Rutherford, 2013). Tidal freshwater marshes have a large species diversity (Michel
and Rutherford, 2013). Located within the San Francisco Bay Delta is the Suisun Bay. The
Suisun Bay is important habitat for plants, fish and wildlife (Davis, 1982). Within Suisun Bay,
Suisun Marsh is comprised of 85,000 acres and accounts for 10% of California’s remaining
wetland (Kockleman and Blachfield, 1982). Suisun Marsh is protected under the NejedlyBagley-Z’berg Suisun Marsh Preservation Act of 1974 and is managed under the San Francisco
Bay Conservation and Development Commission and the California Department of Fish and
Wildlife (Kockleman and Blachfield, 1982). These agencies are the primary local and state
trustees designated to protect the land, wildlife present, and designate its uses (Kockleman and
Blachfield, 1982). A worst case scenario for an incident occurring at the Union Pacific Railroad
Bridge would affect the Suisun Bay.

Figure 2 (from U.S. Geological Survey, 2003). Inset of San Francisco Bay, California. The northern reach of San Francisco Bay
includes San Pablo and Suisun Bay. San Pablo Bay and Suisun Bay are connected by the Carquinez Strait. The Union Pacific
Railroad Bridge crosses the Carquinez Strait and is at risk of an oil spill from rail cars carrying Bakken crude oil.
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Laws and regulations
In an effort to increase environmental and community safety, decreasing incidents and
risks has been made a priority. Congress has introduced a bill, The Crude by Rail Safety Act,
which is currently with respective committees in the House of Representatives and the Senate (S.
859, 2015). Department of Transportation (DOT) Pipeline and Hazardous Materials Safety
Administration (PHMSA) issued regulations to phase out old rail cars. The rail cars being used to
transport crude oil are DOT-111 cars, and were not designed to transport crude oil (Frittelli et al.,
2014). The Crude by Rail Safety Act would increase safety standards, require pneumatic brakes
and scheduled track maintenance (S. 859, 2015). Regulations will not be fully in place until 2023
(S. 859, 2015). One of the statutes is that the rail companies will have to comply with the
requirements of the Federal Water Pollution Control Act (33 U.S.C. 1251 et seq.) and
amendments (S. 859, 2015). Specifically, oil spill response plans will be required for cars
carrying 1,000 barrels or more (42,000 gallons); rail companies will be required to be prepared to
respond where there is a probability of impacting a body of water under federal jurisdiction of
the U.S. Coast Guard or Environmental Protection Agency (EPA) (S. 859, 2015). Waters under
federal jurisdiction are navigable waters, adjoining shorelines, inland waterways and other
impacted lands of the U.S. (S. 859, 2015). Railways will be required to coordinate an update the
National Contingency Plan 311(d) of the Federal Water Pollution Control Act (40 CFR
300.21(b)) and the Regional and Area Contingency Response Plans (S. 859, 2015).
Contingency Planning
As per Oil Pollution Act of 1990, and the National Oil and Hazardous Substances
Pollution Contingency Plan (2010), Federal On Scene Coordinators (FOSC) (U.S. EPA and
Coast Guard) are required to develop contingency plans for likely scenarios in their respective
area of responsibility. The Coast Guard is the FOSC for the coastal zone. Contingency planning
for the coastal zone has focused on marine oil spills from originating from ships. These plans are
based on the different types and sizes of vessels, cargo, type and amount of oil, and waterside
facilities. Contingency plans for an incident involving an oil spill from a crude by rail derailment
has not been developed for the San Francisco Area Contingency Plan. In the San Francisco Area
Contingency Plan, the Suisun Bay has 23 identified environmentally sensitive sites (California
Department of Fish and Wildlife, 2014). The areas to the west of the Union Pacific Railroad has
5

a more developed shoreline infrastructure. San Pablo Bay is west of Carquinez Strait and has 13
sensitive sites (California Department of Fish and Wildlife, 2014). The San Francisco Bay is
susceptible to the increased risk of oil pollution from a crude by rail incident.

Statement of Purpose
The purpose of this paper is to develop a contingency response plan from a derailment
occurring on the Union Pacific Railroad carrying Bakken crude oil. The contingency plan will be
based during a maximum flood tide to estimate maximum impacts to the Suisun Bay. The extent
that the oil spreads will be determined by calculating the maximum tidal excursion, and using an
oil spill trajectory and degradation model. The ecological impacts will be assessed from the oil
trajectory model to estimate the extent of the ecological impacts. Response options will compare
response techniques that will cause the least additional ecological impacts beyond the oil
damage. Costs of the response options and resource damages will be assessed. Management
recommendations will be based on the response options that are cost effective and minimize
additional damages.

Oil Spill Trajectories and Degradation Models
This section will describe the properties that influence oil trajectories and degradation.
Oil properties, degradation, meteorology, and hydrology effect oil fate. Following the
background information, the extent of the oil impacts will be determined. The oil impacts to the
will be examined by 1) calculating tidal excursion, 2) developing a trajectory model, and 3)
developing a degradation model. The oil impact results will be compared to other literature and
actual events for correlation.
Oil Properties
Bakken crude oil from North Dakota is the main type of crude oil that rail trains are
bringing into the San Francisco Bay Area (California Energy Commission, 2016). Bakken crude
oil will be the focus of this study. The properties of Bakken crude oil vary depending on the
location and the well that the oil was extracted from.
Bakken crude oil properties are similar to a light crude oil and can be classified with oil
Group II (Table 2) (Michel and Ruthford, 2013, Wybenga, 2014). When spilled in water, Group
II oils spread rapidly into thin oil slicks, emulsification is unstable, a residue is left after
6

evaporation, and are more bioavailable (Michel and Ruthford, 2013). The density of the Bakken
crude oil is less than water (approximately 1000 kg/m3 @ 15ºC) and indicates that the oil will
float (Wybenga, 2014). A more common measurement to determine if oil will float or sink is the
American Petroleum Institute (API) gravity. The API gravity does not have units and measures
the weight of an oil compared to water (Wybenga, 2014). Water has an API of 10; an oil with an
API greater than 10 will float and an API less than 10 will sink in water (Wybenga, 2014). API
gravity is determined by the following (EPA, 1993):

𝐴𝑃𝐼 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 =

141.5
− 131.5
𝑜𝑖𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (
𝑎𝑡 60°𝐹)
𝑤𝑎𝑡𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦

Viscosity measures the thickness of water; higher viscosities are thicker and flow more
slowly. The flashpoint is the temperature that a substance will ignite. Bakken crude oil has a very
low flashpoint, which has caused the oil to ignite during incidents where the rail cars have been
punctured (Frittelli et al., 2014). In the event that the Bakken crude oil ignites, responders have
been trained to let the oil burn for safety reasons (Wybenga, 2014).
Table 2 (complied from Safety Data Sheet, AFPM Survey, 2014, and Canadian report, 2011). Physical properties of Bakken crude
oil. Bakken crude oil has physical properties similar to a light crude oil and is classified as an Oil Group II with diesel like products
and light crude oils.

Property
Density (kg/m3 @ 15ºC)
API Gravity
Viscosity (mPas @ 15ºC)
Flash Point (ºC)
Solubility in Water (ppm)
Pour Point (ºC)
Interfacial Tension (mN/m
@ 15ºC)

Light crude
oil
780-880
30-50
5-50
-30-30
10 – 50
-40 – 30
10 – 30

Bakken
Oil Group II: Diesel-like products and
crude oil
light crude oils
816-822
800-850
40.5-43.1
35-45
Low to moderate viscosity
<-30<-35
Moderate
< -65

Oil Weathering
Weathering of oil slicks begins to occur almost imminently and the extent depends on the
oil type (EPA, 1993). Weathering is the process of lighter hydrocarbons evaporating into the air
or dissolving into the water column (EPA, 1993). These processes include: evaporation,
7

dispersion, emulsification, sedimentation, photo oxidation, and auto oxidation (Figure 3)
(National Academy of Sciences, 1985). The weathering process results in hydrocarbon inputs to
the atmosphere, particulates in the water column, in the sediment, emulsification or mousse, or
hardening into tar balls (National Academy of Sciences, 1985). Heavier hydrocarbons, resin, and
a waxy residue is left behind during the weathering process and emulsifies through the mixing of
oil and water to form mousse (EPA 1993). Mousse makes the cleaning up process extremely
difficult and inefficient for all response methods (EPA, 1993). Computer models can be used to
determine the extent and the time required for weathering processes.

Figure 3 (From National Academy of Sciences, 1985). Possible fates of oil when spilled on water.

San Francisco Bay Oceanography, hydrology and meteorology
The oceanography, hydrology, and meteorology of the San Francisco Bay will influence
where the oil will spread. The San Francisco Bay’s physical dimensions, location and
bathymetry influence the movement of water and hydrology (Conomos, 1979). The San
Francisco Bay has two reaches: one to the north and one to the south (Conomos, 1979). The
north receives 90% of the total freshwater entering the San Francisco Bay from the Sacramento
8

and San Joaquin Rivers and their tributaries (Conomos, 1979). The amount of water drained
from the north reach accounts for 40% of the water drained in California (Conomos, 1979). The
water then drains out through the Golden Gate to the Pacific Ocean (Conomos, 1979).
The open ocean access through the Golden Gate makes the San Francisco Bay
susceptible to the tides. Tides are the horizontal movement of water (Brown et al., 1999). An
incoming tide is a flood; an outgoing tide is an ebb (Brown et al., 1999). The tide is a long period
wave, averaging 12.5 hour periods (Brown et al., 1999). The tide is called semidiurnal when
there are two high and two low tides (Brown et al., 1999). San Francisco has a mixed tidal period
(Figure 4), with semidiurnal as the dominant tidal period, and the tidal day is 24.84 hours
(Conomos, 1979). The heights of the tides vary with each tidal cycle (Conomos, 1979). Each
tidal cycle moves a large amount of water and creates tidal currents (Conomos, 1979). The
currents in the bay are stronger in the channels (1-2 miles per hour) compared to the shoal waters
(0.8 miles per hour) (Conomos, 1979). Carquinez Strait experiences maximum tidal influences
(Conomos, 1979). Nontidal currents are from wind and rivers (Conomos, 1979). In comparison
to ocean tidal currents, the nontidal currents have a tenth of the influence on the movement of
water, and mostly contribute to transporting dissolved substances throughout the bay (Conomos,
1979).

Figure 4 (from NOAA, 2002). A mixed, semi-diurnal tide as seen in the San Francisco Bay.

The bathymetry and geography influence the mean tidal range and tidal elevation
(Conomos, 1979). Tidal range in the northern reach of the San Francisco Bay is 0.2 meters
higher than the south bay (Conomos, 1979). The tidal range is approximately 1.3 meters near the
Carquinez Strait (Conomos, 1979). There are clockwise gyres in the San Pablo and Suisun Bay
(Conomos, 1979). The river discharge is higher in the winter and early summer from runoff and
snowmelt and decreases in the late summer (Conomos, 1979).
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The San Francisco Bay Area has two wind seasons (Conomos, 1979). Summers are
dominated by a strong wind from the west or northwest are generated from thermal winds
moving cold air from the ocean to the warm central valley (Conomos, 1979). The winter winds
are driven by storms and often are from the south of south east (Conomos, 1979). Winds over
water create waves and move water, mix sediment and oxygen into the water (Conomos, 1979).
The wind would have the effect of pushing the oil to one side of the channel in Carquinez Strait.
If oil is spilled on water, it will weather through evaporation, dispersion, and will spread
across the surface. An incident occurring near the Union Pacific Railroad during a maximum
flood tide would result in the greatest environmental damage by impacting the Suisun Bay.
Hydrology and meteorology will determine where the oil goes, with currents having the greatest
influence (Figure 5) (Lehr and Simecek-Beatty, 2000 and J. Stout, NOAA, pers. comm., 2016).
A flood tide would push the oil further into the Suisun Bay; an ebb tide would push the oil
further to the west and to the San Pablo Bay. A maximum flood tide during periods of low flow
from the rivers would result in the maximum tidal excursion, or extent that oil will spread in a
tidal period. September through December 2015 had multiple maximum flood currents of 2.7
knots (NOAA, 2013). Late summer and fall generally have low snow melt off from the Sierra
Mountains and precipitation amounts are low. The low outflow from the Delta could increase the
extent that the oil could spread into the Suisun Bay.

Figure 5 (from Lehr and Simecek-Beatty, 2000). Conceptual model of factors that influence the movement of oil across the water
surface. The length of the vector arrows represents the relative distance that the oil will be moved. The longest vector is current
transport, followed by wind drift, and diffusion.

Magnitude of the Spill
Refineries in the Bay Area are able to receive as much as 50,000 barrels per day (2.1
million gallons) (Lochner, T., and Rogers, 2014). Each rail car has the capacity of 20,000-30,000
gallons (480-715 barrels) (The DOT-111 Reader, 2016). Trains typically carry 100 oil cars per
train (The DOT-111 Reader, 2016). A single train with 100 cars could carry 50,000 barrels (2.1
10

million gallons) into a refinery (California Energy Commission, 2014). The amount used in the
trajectory this scenario was 100,000 gallons. This amount was used in the scenario for literature
comparison to McCay and Rowe (2009). The amount of 100,000 gallons is considered a medium
to major spill size for the coastal zone (Table 3) (National Oil and Hazardous Substance
Pollution Contingency Plan, 2010). The classification can increase based on the potential
environmental impacts, threats to health and safety, and media attention. A scenario using one
million gallons was also run, but the higher amount had similar shoreline oiling effects as the
100,000 gallons, but may have a longer clean up response.
Table 3. Size classes of oil discharges by response zone (National Oil and Hazardous Substances Pollution Contingency Plan,
2010). The Response Zones correspond to the federal agency responsible for the response and are pre-determined through a
memorandum of agreement between the U.S. Coast Guard and Environmental Protection Agency. The responding agency in the
coastal zone is the U.S. Coast Guard and inland zone is the Environmental Protection Agency. A barrel (bbl) is approximately 42
gallons.

Response Zone
Coastal
Inland

Minor
<10,000 gallons
~240 bbls
<10,00 gallons
~24 bbls

Medium
≥10,000 and < 100,000 gallons
≥1,000 and < 10,000 gallons

Major
≤100,000 gallons
~2,400 bbls
≤10,000 gallons
~240 bbls

Oil trajectory and degradation models
This section will cover the methods, results, and discussion for calculating the extent of a
crude by rail discharge occurring at the Union Pacific Rail Road Bridge and discharging into the
Carquinez Strait. To determine the largest possible extent that the oil spill would effect, three
methods are employed: 1) maximum tidal excursion calculation, 2) a computer trajectory oil
model, and 3) a computer degradation model. Hydrology, meteorological, and oil data were used
in each method to determine the impacts to San Francisco Bay and threatened sensitive areas in
the Suisun and San Pablo Bays.

Methods
Calculating tidal excursion
Total tidal excursion was used to calculate the maximum extent that the oil will spread in
a tidal cycle. Tidal excursion is the net horizontal distance a substance will move during one tidal
cycle (Brown et al., 1999). Total tidal excursion was calculated during a maximum flood event to
determine how far into the Suisun Bay the oil will spread.
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Historical tide and current data was used to determine the maximum flood current. The
maximum flood current for the year 2015 was 2.7 knots in the direction of 103 degrees true
(NOAA, 2013). The average maximum flood current speed for the Carquinez Strait from the
years 2000 to 2015 was 2.75 knots (NOAA, 2013). The time of the year that the maximum flood
tide occurred varied annually (NOAA, 2013). Total tidal excursion is a function of the integral of
the current velocity from the time of slack water to following slack water time (Parsa and
Shahidi, 2010). The following equations were used to determine the total tidal excursion (Parsa
and Shahidi, 2010):
𝐸=

𝑉𝑚𝑎𝑥 𝑇
𝜋

Where:


E is the tidal excursion



Vmax is the maximum velocity of the tidal currents.



T is the tidal period.

Tidal period for typical semi-diurnal tide is 12.5 hours (T).
𝐸 = 𝑉𝑚𝑎𝑥 ∗

12.5 ℎ𝑜𝑢𝑟𝑠
𝜋

𝐸 = 𝑉𝑚𝑎𝑥 ∗ 3.98 ℎ𝑜𝑢𝑟𝑠
For the maximum tidal excursion for an event occurring during the September to December
months, using the 2015 current data:


1 knot = 1.25 miles per hour



2.7 knots = 3.1 miles per hour

To convert the current in knots to miles per hour:
𝑚𝑖𝑙𝑒𝑠
ℎ𝑜𝑢𝑟
𝑚𝑖𝑙𝑒𝑠
1.15
ℎ𝑜𝑢𝑟 = 3.1 𝑚𝑖𝑙𝑒𝑠
2.7 𝑘𝑛𝑜𝑡𝑠 ∗
1 𝑘𝑛𝑜𝑡
ℎ𝑜𝑢𝑟
1 𝑘𝑛𝑜𝑡 = 1.15

The knot units cancel, leaving miles per hour for units for the maximum tidal flood.

12

The specific tidal period for San Francisco Bay for September 1, 2015 from slack tide to slack
tide during the occurrence of the 2.7 knot (3.1 miles per hour) flood was 12 hours and 17 minutes
or 12.3 hours (NOAA, 2013).
𝐸𝑆𝑎𝑛 𝐹𝑟𝑎𝑛𝑐𝑖𝑠𝑐𝑜 = 𝑉𝑚𝑎𝑥 ∗

12.3 ℎ𝑜𝑢𝑟𝑠
𝜋

𝐸𝑆𝑎𝑛 𝐹𝑟𝑎𝑛𝑐𝑖𝑠𝑐𝑜 = 𝑉𝑚𝑎𝑥 ∗ 3.91 ℎ𝑜𝑢𝑟𝑠

𝐸𝑆𝑎𝑛 𝐹𝑟𝑎𝑛𝑐𝑖𝑠𝑐𝑜 = 3.1

𝐸𝑆𝑎𝑛 𝐹𝑟𝑎𝑛𝑐𝑖𝑠𝑐𝑜 = 3.1

𝑚𝑖𝑙𝑒𝑠
∗ 3.91 ℎ𝑜𝑢𝑟𝑠
ℎ𝑜𝑢𝑟

𝑚𝑖𝑙𝑒𝑠
∗ 3.91 ℎ𝑜𝑢𝑟𝑠 = 12.1 𝑚𝑖𝑙𝑒𝑠
ℎ𝑜𝑢𝑟

Assumptions in determining tidal excursion were: 1) tidal currents are sinusoidal or
follow a sine curve; 2) tidal period is 12.3 hours; 3) and the current velocity is constant during
the entire tidal excursion. The channel dimensions must remain consistent for that distance. The
rule of thumb to determine tidal excursion is to multiply the maximum current by 4 (J. Stout,
pers. comm., 2016).
Trajectory Analysis Planner II
Trajectory Analysis Planner (TAP) II is a oil spill trajectory model used by NOAA to assist in
the oil spill response planning (Barker, 2016). Inputs into the TAP II include: location, type of
oil, size of the spill, time of year,weather conditions. The data is based on statistical analyis of all
possible oil spills in a region (Barker, 2016). A minimum of 10 years of analyzed hydrologic,
oceanographic, and meterolical data conditions are used to develop the trajectory (Barker, 2016).
Data inputs are conferred below (Table 4).
Table 4. Inputs into the TAP II model.

Display Type
Shoreline Impact
Analysis

Location
Union Pacific Rail
Road Bridge

Season
SeptemberFebruary

Size of Spill

Type of Oil

100,000 gallons

Unweathering

Multiple display options are available in the TAP II model. For the purposes of this
paper, a scenerio was developed to conduct a response analysis. The Shoreline Impact Analysis
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display was used in the scenario because the location of the oil spill is known, and the display
shows which shorelines will likely be impacted. The trajectory for each possible location is run
500 times for each season to achive the most probable trajectory for each potential orgin of the
spill (Barker, 2016). The output of the trajectory using the Shoreline Impact Analysis display
shows the probability of a shoreline being oiled to a level of concern. The level of concern used
was 1 barrel of oil or 42 gallons. The level of concern is displayed on a map and the shorelines
are divided into segments that are 2 kilometers long. The shoreline segments are analyzed by the
modeal and color coded based on the pobability of being oiled (Barker, 2016). The colors are
based on the amount of oil expected to reach the shoreline segment as levels of concern.
Locations with a low level of concern are white or blue; locations with higher level of concern
are red, orange, or yellow.
San Francisco Bay’s data was analyzed into two wind seasons: 1) March through August
and 2) September through February (Barker, 2016). To be consistent with the maximum flood
tides, the September through February wind season was used.
The amount of oil discharged in the model was 100,000 gallons. The spill location is
within the coastal response zone. The amount of 100,000 gallons equivalent to a derailment of 3
to 5 cars and a complete discharge of cargo. The amount of 100,000 gallons was used literature
comparison to verify trajectory model accuracy.
A non-weathering type was chosen from a drop down menu of choices. Non-weathering
oil type was chosen to show the greatest possible extent that the oil could spread without
decreasing the on-water amounts due to evaporation or dispersion. The oil will likely weather
based on Bakken crude oil properties. To determine the extent of weathering an oil degradation
model was used.
Automated Data Inquiry for Oil Spills
Automated Data Inquiry for Oil Spills (ADIOS) is a computer model used to determine
oil degradation. ADIOS displays the weathering of oil in terms of how much of the spilled oil
will: 1) evaporate, 2) disperse into the water column, and 3) remain on the surface over a period
of time (NOAA, 2016). Inputs to the model include: oil type, amount, meteorology and hydraulic
data (Table 5).
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Table 5. Information added to ADIOS model. Hydrology and Meteorology data used for trajectory and oil fate computer models.
Meteorological Observations Station 9415102 Martinez-Amorco Pier, CA was used for the input using September 1, 2015
(NOAA, 2013). September 1, 2015 was used because of the occurrence of a maximum flood current of 2.7 knots. An (*) indicates
program drop down menu for properties.

Event
Instantaneous release at 1000 on September 1, 2015
Oil Properties
*Bakken crude oil (From Lac-Mégantic derailment)
Amount
100,000 gallons (2,400 bbls)
API
41.8
Pour Point
Unknown
Flash Point
Unknown
Density (g/cc at 55º F)
0.825
Viscosity (cSt at 55º F)
3.0
Hydrology and Meteorology Conditions
Temperature
56° F
*Salinity
15 ppt
*Sediment Load
50 g/m3 (avg. river/estuary)
Current and Direction
2.7 knots (flood) towards 103º true
Wind speed and direction
10 knots from 200º true
Wind uncertainty
±5 knots
Wave Height
Computed from wind speed

Results
Calculating tidal excursion
The oil will spread 12.1 miles east from the origin of the spill during single a tidal event from
calculations based on Parsa and Etemad Shahidi (2010). The tidal currents would spread the oil
as far as the town of Pittsburg, into Suisun Bay, Grizzly Bay, and Honker Bay.
Trajectory Analysis Planner II
The TAP II trajectory model results for a 100,000-gallon spill are shown over a 12-hour period
(Figure 6), and over a 5-day period (Figure 7). The TAP II model shows the probability of
shorelines becoming oiled to a level of concern based on 500 runs of the trajectory model from
the same spill location. The color of the shoreline corresponds to the percent of spills originating
from the Union Pacific Railroad Bridge that impacted the respective shoreline segment. The
legend above the map corresponds to the color and the percent of spills impacting a shoreline.
Shoreline segments in red have a higher probability of being impacted, while shoreline segments
in white or blue are less likely to be impacted. The after 12 hours, the oil remains close to the
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origin of the spill compared to the trajectory after 5 days. After 5 days, there are 70 shoreline
segments have a 20% or more probability of becoming oiled. This is equivalent to a probability
that greater than 20% of 160 miles a shoreline will be oiled.

Figure 6 (From Tap II). Oil spill shoreline impact 12 hours after the spill. The Trajectory Analysis Planner (TAP II) shoreline impact
analysis for the 100,000-gallon oil spill originating from the Union Pacific Railroad Bridge in the Carquinez Strait between
September and February. The period analyzed is 12 hours to compare to the tidal excursion. Using the distance measuring tool
in the TAP II model, the oil impacted shorelines 12 miles east, 9.27 miles west.
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Figure 7 (from TAP II). Oil spill shoreline impact 5 days after the spill. Trajectory Analysis Planner (TAP II) for a shoreline impact
analysis for the 100,000-gallon oil spill originating from the Union Pacific Railroad Bridge in the Carquinez Strait between
September and February. The oil continued to spread and effect shorelines further from the origin of the spill.

Automated Data Inquiry for Oil Spills
The ADIOS model produces an oil budget (Figure 8). The Bakken crude oil will begin to
evaporate immediately after the spill occurs and will begin to disperse after 2 hours (Table 6).
The oil continues to disperse for approximately 5 days. The total amount evaporated, dispersed,
and remaining on the water after 5 days is shown in Table 7.
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Figure 8. ADIOS 2.0 Bakken crude oil budget. After the initial spill of 100,000 gallons, the oil on the surface will evaporate into
the air, or disperse into the water column.
Table 6 (from ADIOS 2.0). Bakken crude oil weathering percentages after a 100,000-gallon spill from the Union Pacific Railroad
Bridge.

Hours after spill
0
2
3
6
8
9
11

Evaporated (%)
5
23
32
35
36
37
38

Dispersed (%)
0
1
11
20
25
29
33

Remaining (%)
95
76
57
45
39
34
29

Table 7 (from ADIOS 2.0). Bakken crude oil weathering totals after a 100,000-gallon spill from the Union Pacific Railroad Bridge.

Volume Spilled
Evaporation
Natural Dispersion
Floating – Uncontained

2,381 bbls (100,000 gallons)
867 bbls (36,414 gallons)
592 bbls (24,864 gallons)
922 bbls (38,724 gallons)
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Discussion
Agreement Between Calculations
The maximum tidal excursion distance and TAP II model concurred. The tidal excursion
calculated was verified using the TAP II model and the distance measurement tool. During the
initial 12 hours (Figure 6) the oil excursion distance was measured from the spill site at 12.0
miles to the east and 9.3 miles to the west. In comparison, the calculated tidal excursion was 12.1
miles from the point of the spill origin. The oil will continue to spread over time. The extent that
the oil was spread was measured in the trajectory after 5 days; the distance was greater than 12.0
miles to the east and 10.7 miles to the west.
Assumption considerations that may change the tidal excursion distance in Carquinez
Strait are the period variations from 12.3 hours and the channel dimensions’ increase in area to
the east. The tidal period variance at the Carquinez Strait would increase the tidal excursion
during a longer period and decrease during a shorter period. During an actual incident, the tidal
period should be used to determine the total tidal excursion. The tidal excursion equation
assumes that the current velocity will remain constant. However, the velocity speed will change
based on conservation of mass. The area of the channel will change, but the flow of water will
remain the same. The area change will cause the velocity speed to decrease and the tidal
excursion will decrease. In this case, the oil will not travel the predicted 12.1 miles, it will likely
be less. In a real situation, real time monitoring by on site personnel should be conducted to
check models and calculations. For this scenario, the tidal excursion will be used to determine
the potential maximum extent of an area that the oil could travel. Tidal excursion is usually about
10 km near the Carquinez Strait. (Conomos, 1979).
Literature Comparison
The results of the trajectory from the TAP II model were compared to a study conducted
by McCay and Rowe (2009) for the California Department of Fish and Wildlife. McCay and
Rowe (2009) forecasted a similar trajectory for a scenario involving 100,000 gallons of a heavy
fuel, crude oil, and diesel spill from the refinery in Martinez. A different computer model was
used by McCay and Rowe (2009) that has been verified using over 20 historical spills. The spill
origin used by McCay and Rowe (2009) was located at (38º02.0819’N, 122º 7.4519’W) and the
Union Pacific Railroad Bridge hypothetical spill location (38º02.4333’N, 122º07.3833’W) were
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compared and are 0.3 miles apart. The close proximity of the study locations and amount of oil
simulated will be used for trajectory verification.
Results from the study conducted by McCay and Rowe (2009) concluded that the
analysis was tidally driven and did not consider density/salinity influences (Figure 9). The
freshwater discharge from the Delta had less influence, and the spill originating from Martinez
remained primarily in the Carquinez Strait and Suisun Bay (McCay and Rowe, 2009). The oil
remained in these areas and moved with the tides because of the area restriction and tidal
excursion (McCay and Rowe, 2009). The trajectory results in Figure 9 are consistent with the
results of the TAP II model after 5 days (Figure 7). This comparison provides reasonable
distributions of the expected oil impacts.

Figure 9 (from McCay and Rowe 2009). Heavy Fuel Oil trajectory from Martinez. A trajectory of 100,000 gallons of heavy fuel oil
originating from the Martinez Refinery over time. The trajectory represents oil thickness greater than 1 µm.

Additional Model Information
The study conducted by McCay and Rowe (2009) provided additional information that
was not available from the TAP II model. Additional information included shoreline oil
retention, area of water and shoreline oiled and dissolved aromatic hydrocarbons in the water
column (McCay and Rowe, 2009).
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The amount of oil and time it will remain on a shoreline is called shoreline oil retention
(McCay and Rowe, 2009). Shoreline oil retention depends on the type of the shoreline, width,
angle, tidal range, and wave action (McCay and Rowe, 2009). San Pablo Bay maximum oiling
width is estimated to be 0.5 meters and Suisun Bay 0.1 meters because of the lower tidal range
(McCay and Rowe, 2009). Clean up costs are directly related to the amount spilled, water surface
area impacted and the shoreline area impacts, with the majority of costs associated with shoreline
clean up (McCay and Rowe, 2009).
From the shoreline retention amounts and trajectory, McCay and Rowe (2009), quantified
the amounts of water surface, shoreline, dissolved aromatic contaminates in the water column,
and sedimentation (Table 8). The contamination results are similar to the TAP II trajectory
model using non-weathering oil. The maximum amounts will be concentrated near areas of
heavy surface oiling (McCay and Rowe, 2009). The dissolved aromatic hydrocarbons will
disperse into the water column. The maximum concentrations would range from 0-10 ppb within
the first meter of the water column (Figure 10). The dissolved aromatic contaminates will affect
the subsurface organisms and water quality (McCay and Rowe, 2009).
Table 8 (complied from McCay and Rowe, 2009). Heavy Fuel oil physical impacts from a 100,000-gallon discharge originating at
the Martinez refinery.

Impact
Water surface mean area (km2) oiled by 0.01 µm
Shoreline area oiled by a thickness of 0.01 µm
Water mean volume of contaminated with greater
than 1 ppb of dissolved aromatic contaminates
Mean time volume >1ppb falls below 1 m3
Percent mean of hydrocarbons reaching the
sediments

Amount
166 km2
29,227 m2
54,211 m3

Standard Deviation
82 km2
3,977 m2
223,591 m3

680 hours
2.7%

160 hours
2.0%
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Figure 10 (from McCay and Rowe, 2009). Dissolved aromatic concentrations. Maximum dissolved aromatic concentration in 1 m
of the water column after a 100,000-gallon heavy fuel oil spill originating from Martinez.

In the TAP II model, the quantity of one million gallons was simulated to determine if the
extent of the oil spill differed. Similar trajectory results were seen to the spill of 100,000 gallons.
The volume of the oil spilled does not affect the trajectory (McCay and Rowe, 2009). A spill of a
larger size would likely take longer to clean up, which would increase the exposure time, and
increase the costs of the cleanup.

Additional Model Assessment

On April 23, 1988, 400,000 gallons of San Joaquin Valley crude oil was discharged into
the Shell Marsh and Peyton Slough (Figure 11) (Fischel and Robilliard, 1991). The spill spread
to the Suisun Bay and Carquinez Strait (Fischel and Robilliard, 1991). The source of the spill
was an above ground storage tank at the Shell Martinez Facility (Fischel and Robilliard, 1991).
Clean up actions and a natural resource damage assessment were immediately initiated (Fischel
and Robilliard, 1991). The areas that were oiled correspond to the TAP II model and the study
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conducted by McCay and Rowe (2009). The extent that the oil spread during this event was less
than the simulated oil spill because the Shell Marsh spill originated inland verses on the water.
An initial water discharge would spread the oil a further distance than a discharge originating on
land because the oil adhered to the soil and plant matter more readily (Fischel and Robilliard,
1991). The general areas of heavy, moderate, and light oiling are comparable and validates the
trajectory provided by the TAP II model.

Figure 11 (From Fischel and Robilliard, 1991). Shell Marsh oil discharge trajectory from 1988. Shoreline was oiled from a
discharge of 400,000 gallons of San Juaquin Valley. The oil was discharged into the Shell Marsh from an above ground storage
tank on Aril 23, 1988.

Automated Data Inquiry for Oil Spills model assessment
The volatility of the Bakken crude oil suggests that it will evaporate quickly. Water and
air temperature is used to determine the evaporation of the volatile compounds (McCay and
Rowe, 2009). The higher temperatures and volatility of the oil increase the evaporation rates and
the volume of the oil spilled (McCay and Rowe, 2009). The ADIOS model supports evidence
that the Bakken crude oil is a lighter crude oil. This may affect the trajectory; lighter oils spread
more quickly, further distances, and more aromatic hydrocarbons into the water column (McCay
and Rowe, 2009). Heavy fuel oil used in the study conducted by McCay and Rowe (2009) will
remain on the water surface for a longer period of time and will weather more slowly than the
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Bakken crude oil. The lighter oils may impact more species due to the fast spread time and
dispersion rate (McCay and Rowe, 2009). Plants may be effected less because of the lighter
coating of oil (McCay and Rowe, 2009). After approximately 5 days, the oil will have
completely evaporated and dispersed. At that time, the weathered oil will start to form mousse,
or emulsified oil and water.

Ecological Risk Assessment
Based on the tidal excursion, TAP II model, and ADIOS weathering model, an ecological
risk assessment was conducted. The ecological risk assessment will discuss the potential
environmental impacts from a discharge of 100,000 gallons of Bakken crude oil from the Union
Pacific Railroad Bridge. The ecological risk assessment will examine the 1) toxicology of oil; 2)
methods of assessment; 3) results; and 5) discussion of potential species impacts. Consultations
required by the Endangered Species Act will follow the ecological risk assessment.

Oil Toxicity
Lighter oils such as Bakken crude oil, have a higher acute toxicity than heavier oils
(Michel and Rutherford, 2013). Crude oils can also physically smother plant and animal species
(Michel and Rutherford, 2013). Impacts to the shoreline are directly correlated to the degree of
oiling; minimizing shoreline impacts will reduce the impacts to marsh habitats (Michel and
Rutherford, 2013). Interior portions of the marsh subject to oiling will have slower recovery
times because residence time is slower where there is less wave, wind, and current action;
interior marshes may require additional clean up (Michel and Rutherford, 2013). The marshes in
Suisun Bay have interior channels that may be subject to oiling (California Department of Fish
and Wildlife, 2014).
The probability of an organism getting oiled is related to their behavior, how their habitat
is used, and time spent on the surface of the water (McCay and Rowe, 2009). A lethal exposure
index for sea birds and other marine wildlife is the length of a shoreline or water covered by
more than 10 µm thick oil and could be a lethal dose (McCay and Rowe, 2009). This index can
be used to estimate the number of species that may be impacted by the oil. Oil has toxic effects
on plants and wildlife. The most toxic component of oils are the lower molecular weight
compounds (McCay and Rowe, 2009). The lower molecular weight compounds are volatile in air
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and soluble in water (McCay and Rowe, 2009). Exposure to oil happens when the hydrocarbons
are taken up by the organism’s body (McCay and Rowe, 2009). Exposure occurs either through
physical oiling or hydrocarbons dissolved in the water column (McCay and Rowe, 2009).
Exposure of the bottom dwelling organisms is dependent on the solubility of the dissolved
hydrocarbons in the water (McCay and Rowe, 2009). Exposure times are directly related to the
mortality (McCay and Rowe, 2009). The lethal concentration that kills 50% of a test population
(LC50) averages 50 µg/L for species (McCay and Rowe, 2009). The LC50 range is 5-400 µg/L for
95% of species exposed over a period of 96 hours determined by oil bioassay data (McCay and
Rowe, 2009). Toxicity increases over the amount of time that an organism is exposed (McCay
and Rowe, 2009). Exposure to an acute amount may not be lethal, but over time the same
concentration will be lethal (McCay and Rowe, 2009). The toxic effects of oil exposure are also
dependent on the species and the life stage (NRC, 2005). Fish eggs, larvae, and juveniles in
particular are more sensitive to the oil (NRC, 2005). Many species in early life stages are located
within the top meter of the water column and move with the currents, as does oil (Incardona et
al., 2012).

Methods
The methods of the ecological risk assessment compared the 5 day TAP II model results
to known indexes of ecological sensitivity (Figure 7). The reference index is the San Francisco
Bay and Delta Area Contingency Plan identified environmental sensitive sites. The sites are
prioritized by sensitivity, with A sites having the highest priority followed by B and C. The
comparison assigned the corresponding color for the level of concern to the corresponding
shoreline from the TAP II model trajectory (Figure 7).
San Francisco Bay and Delta Area Contingency Plan
The San Francisco Bay and Delta Area Contingency Plan is a robust document that
identifies environmentally sensitive sites and response plans for oil spill events. Each sensitive
site has corresponding documents that provide the site’s general description, protection priority,
resources of primary concern, cultural and historical sites, key contacts, trustees, and specific
response strategies. The San Francisco Bay and Delta Area Contingency Plan is managed by the
California Department of Fish and Wildlife and the U.S. Coast Guard Sector San Francisco. It is
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updated triennially to for environmental and response plan modifications. After the initial
notification of a discharge, federal, state, and local responders will consult the Area Contingency
Plan for the respective areas affected by an oil spill. The sites were analyzed for commonality to
determine species and plants of concern that may be effected. The response strategies were
analyzed and will be addressed in the response options section.

Results
Sensitive sites within the trajectory model are summarized in Table 9. The number of
sensitive sites and percent of spills that originate from the Union Pacific Railroad that impact a
corresponding shoreline in the Suisun Bay are: 1) Suisun Bay, 24 Sensitive Sites: 10 sites 80100%; 4 sites 65-80%; 5 sites 55-65%; 2 sites 25-40; and 3 sites 0-5%; 2) San Pablo Bay, 14
Sensitive Sites: 2 sites 65-80%; 11 sites 25-40%; and 1 site 0-5%. A spill originating from the
Union Pacific Railroad Bridge has a 20% or greater potential to impact a total of 34 sensitive
sites.
Table 9 (from San Francisco Bay and Delta Area Contingency Plan, 2014). Sensitive sites in the Suisun Bay and San Pablo Bay.
The color of the sensitive site indicates the percent of spills that were oiled above the level of concern. The level of concern
corresponds to the TAP II model of 100,000 gallon Bakken crude oil discharge from the Union Pacific Railroad Bridge.

Identified Sensitive Site

Priority

Name

A
A
A
A
A
B/C
A
A
A
A
A
A
A
A
A
A
A
A
A

Martinez Marsh and Shell Dock March
Bulls Head Marsh and Pacheco Creek
Hastings Slough and Pt Edith Marshes
Weapons Station Marshes and Seal Islands
Shore Acres Marsh
Suisun Shoal
Roe Island
Ryer Island
Middle Ground Island
Southhampton Bay
Benicia Marsh
Goodyear Marsh
Joice Island, Suisun Slough, and Montezuma Slough
Grizzly Bay
Simmons Island
Freeman and Snag Islands
Dutton Island
Honker Bay
Honker Bay West- Wheeler Island Shore

Suisun Bay
2-601
2-603
2-605
2-607
2-608
2-630
2-631
2-632
2-633
2-651
2-652
2-654
2-655
2-660
2-665
2-667
2-668
2-670
2-671
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2-672
2-673
2-680
2-690

A
A
A
A

2-695

A

Honker Bay North - Spoonbill Ck and Van Sickle Island
Honker Bay East -Chipps Island Shore
Suisun Marsh West: Suisun Slough Drainage
Suisun Marsh Central: Grizzly Island
Suisun Marsh North: Denverton/ Nurse Slough
Drainage

San Pablo Bay
2-501
2-502
2-503
2-504
2-505
2-506
2-552
2-553
2-554
2-571
2-572
2-581
2-582
2-583

A
A
A
A
A
A
A
A
A
A
A
A
A
A

Castro Creek and Marshes
San Pablo Creek Marshes
Pinole Pt Marshes - South
Pinole Pt Marshes - North
Pinole Creek and Wetlands
San Pablo Eelgrass Beds
China Camp Marsh
Gallinas Creek Marshes
Novato Creek Marshes
Petaluma River Marshes
Tolay Creek Marshes
Sonoma Creek/Napa Slough
N.E. San Pablo Bay
Napa River Marshes

General concerns identified in the Suisun Bay are the pickleweed salt grass marsh that
serves as habitat for infauna, birds, and fish (California Department of Fish and Wildlife, 2014).
Threatened and endangered species present in the area are the California black rail, salt marsh
harvest mouse, and California clapper rail (California Department of Fish and Wildlife, 2014).
Other species of concern present in the sensitive site areas include fish: Delta smelt, winter run
chinook; birds: saltmarsh common yellowthroat, Suisun song sparrow, waterfowl, ducks,
Canadian geese, winterizing migratory birds, peregrine falcons, raptors; rare plants: Mason’s
lilaeopsis, soft bird’s beak, Delta tile pea, Suisun marsh aster; miscellaneous species: river otter,
raccoon, beaver, muskrat, western pond turtle, and harbor seals (California Department of Fish
and Wildlife, 2014).

Discussion
Ecological Impacts
Additional studies were used to estimate the potential ecological impacts. The studies
addressed the habitat, wildlife, seasonal abundance, location differences, and plant impacts.
McCay and Rowe (2009) calculated the areas impacted from a 100,000-gallon spill from
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Martinez from a heavy fuel oil, crude oil, and diesel. The impacts from a 100,000 gallon Bakken
crude oil spill would be intermediate of the crude and diesel oil from this study. The type of
crude oil analyzed was Alaskan North Slope crude, a medium crude oil with a density of 0.8714
g/cm3 (French-McCay and Rowe, 2009). The ecological impacts that will be discussed in this
section are: 1) wetland, invertebrate, and plants (Figure 12-A); 2) birds (Figure 12-B); fish
(Figure 12-C); and 3) wildlife seasonal abundance (Figure 13-D).

Figure 12 (From McCay and Rowe, 2009). Ecological impacts. A - Areas of wetland vegetation, wetland invertebrates, and
mudflat invertebrates impacted from 100,000 gallon spills occurring in the summer at Martinez. Areas are based on the amount
of oil that will impact vegetation (>1,000 g/m2) or impact invertebrates (>100 g/m2). B - Number of birds oiled by 100,000
gallons of heavy fuel oil, crude oil, and diesel during the summer. C - Biomass of fish and invertebrates (kg) killed after 100,000gallon spill occurring in the summer in San Francisco and Martinez. D - Average relative abundance per square kilometer of
species present during different seasons in the San Francisco Bay.

Wetlands, Invertebrates, and Plant Impacts
Wetland vegetation impacts will range between 164,000 to 257,000 square meters
(Figure 12-A) (McCay and Rowe, 2009). The areas of wetlands oiled is based on the amount of
oil that will impact vegetation (>1,000 g/m2) (McCay and Rowe, 2009). Invertebrate area
impacted in wetlands will range between 435,000 to 604,000 square meters and mudflats
931,000 to 990,000 square meters (McCay and Rowe, 2009). The number of invertebrates
impacted was if an area is predicted to be oiled by greater than 100 g/m2 (McCay and Rowe,
2009).
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Plants are more likely to experience toxic chemical effects from lighter crude oils
(Michel and Ruthford, 2014). Oil smothers plants and chemical compounds penetrate the cell
membranes, decrease the rate that oxygen is transported to the roots, and decrease photosynthetic
rates causing slow plant growth or high mortality rates (Michel and Ruthford, 2014). There is a
higher chance of plant survival when the upper third of the plant remains unoiled (Michel and
Ruthford, 2014). The exposure to waves and currents increases the rate of natural recovery for
plants (Michel and Ruthford, 2014).
Seasonality is important to plant species; impacts during growing a plant’s growing
season decrease the recovery rate (Michel and Ruthford, 2014). Annual plants are more sensitive
to oiling as they grow from seed to seed rather than pre-existing roots as perennials do (Michel
and Ruthford, 2014). Perennial plants oiled during dormancy have higher rates of survival
(Michel and Ruthford, 2014). An oiling event occurring in the fall has the lowest potential to
impact vegetation (Michel and Ruthford, 2014). Oil bonds, collects, and persists in areas with
high concentrations of organic matter (Michel and Ruthford, 2014). Cutting vegetation had
positive effects for cases involving heavier crude oils but not enough information available to
differentiate the effects between plant species (Michel and Rutherford, 2013). Marsh restoration
after a response should be a high priority (Michel and Rutherford, 2013).
Bird Impacts
Impacts to birds will vary by species and the type of oil discharged (Figure 12-B)
(McCay and Rowe, 2009). Oiled birds have high mortality rates and may expose young and eggs
to oil when returning to their nests (NRC, 2005 and EPA, 1993). Figure 12-B is an evaluation of
bird species impacted to the type of oil discharged (McCay and Rowe, 2009). The bird impacts
will range between the crude oil and diesel because of the lower American Petroleum Institute
(API) gravity of Bakken crude oil than the Alaskan North Slope crude used in the study (McCay
and Rowe, 2009). The number of birds impacted will range between 1,800 and 1,900 (McCay
and Rowe, 2009). Lighter oils spread throughout the Suisun Bay more quickly than heavy fuel
oil, but the heavy fuel oil may impact more birds due the persistence in the environment and the
land constrained area of the Suisun Bay (McCay and Rowe, 2009). Shore birds are present in
higher numbers than waterfowl, seabirds, and wading birds (McCay and Rowe, 2009). Figure

29

12-B was based on bird species summer seasonal abundance; seasonal wildlife variance will be
discussed in a later section.
Fish Impacts
The impacts to the fish (Figure 12-C) are higher for the lighter oils because of the
concentrations of aromatic hydrocarbons that become entrained in the water column are greater
than concentrations from the heavy fuel oil (McCay and Rowe, 2009). The biomass of fish killed
by the 3 types of oil also varies by location of the oil spill. A spill originating in Martinez had a
higher impact to the fish populations than spills originating in San Francisco (McCay and Rowe,
2009). Fish biomass was 13.2 % greater for heavy fuel oil, 75.7% for crude oil, 77.8% diesel
when originating in Martinez than in San Francisco (McCay and Rowe, 2009).
Species Abundance
Species abundance may impact the quantity of animals impacted during an oil spill. Time
of year impacted different species of wildlife due to a variation of species present during
different seasons in the San Francisco Bay (Figure 12-D) (McCay et al., 2004). Species
abundance was calculated using the average number of a species per square kilometer present per
season and diving by the annual total of birds present to find the relative percentage of a wildlife
group present per season in the San Francisco Bay. This was done because the number
shorebirds present per square kilometer at any given time was a thousand times more than the
kingfishers and pinnipeds (McCay et al., 2004). By showing the relative abundance as a
percentage, patterns in wildlife groups seasonal abundance can be examined.
Waterfowl are predominately present in the winter and the fall. Waterfowl relative
abundance decreases to 3% and 0% of the annual total abundance in the spring and summer
(McCay et al., 2004). Seabirds abundance increases in the spring and fall by 11%. Wading birds
are consistently abundant with an increase of 4% in the summer. Shorebirds are abundant
predominately in the winter and fall but are present all year long. Fall and winter have a strong
presence of shorebirds (Fall: 3000 per square kilometer, Winter: 2300 per square kilometer)
(McCay et al., 2004). Individual shorebird abundance is the highest for the wildlife groups
analyzed and range from over 800-8000 individuals per square kilometer. Kingfishers have the
same abundancy all year long. Pinnipeds are abundant in the winter and fall. Kingfish and
pinnipeds have the lowest average number per square kilometer. Seasonal abundances of fish
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species were observed in the San Pablo and Suisun Bay areas (Gewant and Bollens, 2012).
Lowest abundances were seen in the winter and spring and fish were most abundant in the
summer and fall (Gewant and Bollens, 2012).
Impact conclusions
The time of the year of an incident occurring will have an effect on the total number of
species oiled in addition to the types of oil discharged. An incident occurring in the fall would
have the greatest impact on the number of organisms oiled. The large number of shore birds and
waterfowl present would increase and 14% and 46% respectively.
Impact amounts to the water column are approximately 10% of the amount spilled
(McCay and Rowe, 2009). The amounts of impact to the water column is higher near shore and
in shallower water (McCay and Rowe, 2009). Bird impacts are the greatest for lighter oils that
have a faster spreading rate and time the oil remains on the surface (McCay and Rowe, 2009).
The fish and invertebrates had higher impacts for less viscous oil (McCay and Rowe, 2009).
Vegetation impacts are less for lighter oils than heavier and more persistent oils that cover the
plants and decrease growth (McCay and Rowe, 2009). Mudflats are impacted more by quicker
spreading oils (McCay and Rowe, 2009).
Response Action Considerations
Aside from the damage caused by the oil itself, additional ecological damages can be
caused by the response and cleanup processes. Actions conducted by clean up methods could be
more detrimental to the ecosystem than leaving the oil decay naturally (Michel and Ruthford,
2014 and Pond et al., 2000). Additional planning and preparation are needed to determine
appropriate clean up methods and can be done using an ecological risk assessment. The
ecological risk assessment evaluates different response actions and what the impact may be
(Pond et al., 200).
Endangered Species Act and Magnuson-Stevens Act Consultations
Emergency response to oil spills may require consultations for any federal action taken in
accordance with the Endangered Species Act Section 7 and the Magnuson-Stevens Act (U.S.
Fish and Wildlife, 2013). Consultations are mandated to prevent further losses and protect
threatened and endangered species and essential fish habitat from federal response activities. In
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addition to consultations for the Endangered Species Act and Magnuson-Stevens Act, Federal
On Scene Coordinators (U.S. Environmental Protection Agency or Coast Guard), are also
required to request consultation under the National Historic Preservation Act and Indian Tribal
Governments. For the purposes of this paper, the only on the Endangered Species and
Magnuson-Stevens Act will be discussed.
The Endangered Species Act Section 7 requires federal agencies to consult with the Fish
and Wildlife Service and National Marine Fisheries Service when conducting operations that
may impact threatened or endangered species (U.S. Fish and Wildlife, 2013). An emergency
consultation would be required by responding federal agencies in an actual event. Endangered
species present include the saltwater harvest mouse and the California clipper rail, and the black
clipper rail is a threatened species (California Department of Fish and Wildlife, 2014).
Magnuson-Stevens Act requires consultation with National Marine Fisheries Service on any
action that may affect Essential Fish Habitats. Suisun Bay is considered an Essential Fish Habitat
(U.S. Fish and Wildlife, 2013 and NOAA, 2016). Failure for the Federal On Scene Coordinator
to consult with the U.S. Fish and Wildlife Service or National Marine Fisheries Service may
result in litigation (U.S. Fish and Wildlife, 2013).

Response Options
The following section will discuss response options for the simulated Bakken crude oil
spill. Choice of response technique depends on the type of oil, characteristics of the spill,
location, weather, sea conditions, depth of the water column and the time of year (Dave and
Ghaly, 2011). Cleanup operation options should be considered carefully, as they can cause more
environmental damage than the oil pollution (Venikos et al., 2004). Response techniques for onshore brackish marsh and on-water recovery in bays and estuaries were evaluated by the National
Oceanic and Atmospheric Administration (NOAA) (2010) for diesel-like products and light
crude oils (Table 10). Evaluated methods are general impacts of oil recovery to a brackish marsh
and bays or estuaries (NOAA, 2010). After analyzing response techniques in this section, Table
10 will be modified and prepared specific to the Bakken crude oil incident and San Francisco
Bay.
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Table 10 (From NOAA, 2010). Oil spill response options for onshore recovery for a brackish marsh and on-water recovery for
bays and estuaries for diesel or light crude oil response. Each recovery option is rated on the habitat impacts: A - Least adverse
habitat impact; B- Some adverse impact; C-Significant adverse impact; D – The most adverse habitat impact; I – Insufficient
information regarding the habitat impact.

On shore: Brackish Marsh
Natural Recovery
Barriers/Berms
Manual Oil Removal Cleaning
Mechanical Oil Removal
Sorbents
Vacuum
Debris removal
Sediment reworking/tiling
Vegetation Cutting and removal
Flooding
Low-pressure ambient water flushing
Solidifiers
Nutrient Enrichment
Natural Microbe Seeding
In situ burning

On-Water: Bays and Estuaries
A
B
D
D
A
B
B
D
D
B
B
C
A
I
B

Natural Recovery
Booming-Containment
Booming Deflection/Exclusion
Skimming
Physical Herding
Sorbents
Debris Removal
Dispersants
Emulsion Treating Agents
Elasticity Modifiers
Herding Agents
Solidifiers
In situ Burning

B
A
A
A
B
B
A
B
B
B
B
B
A

If a viable action, the initial response priority should be to secure the oil source (Venikos
et al., 2004). This option will be based on the assessment of the first responders and evaluation of
the practical and safety implications. For a Bakken crude oil derailment discharge, it may not be
possible to secure the source until after hydrocarbon vapor concentrations decrease and any
ignited fires are mitigated (Lochner and Rogers, 2014). After the source is secured, actions
should take place to mitigate the oil spill. Response techniques were generalized into four
options: 1) natural recovery, 2) on-water mechanical recovery, 3) shoreline clean up, and 4)
alternative response technologies (EPA, 1993). Alternative response technologies include in situ
burning, dispersant application, and bioremediation. This section will examine the four
generalized response options in terms of: 1) defining the actions involved with the response, 2)
discussion of the positive and negative aspects, and 3) applicability to the Bakken crude
derailment scenario in the Northern San Francisco Bay. After the response options are examined,
endpoints of the will be discussed.

Natural Recovery
Natural recovery requires no human action and allows the oil to naturally degrade over
time. More viscous oils will degrade more slowly, and less viscous oils will degrade more
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rapidly (Baker, 1999). Bakken crude oil will weather rapidly; the low viscosity and the high API
specific gravity of 41.8, indicate that a large percentage of the Bakken crude oil will naturally
evaporate and disperse into the water column (Figure 8). McCay et al. (2004) conducted
ecological risk assessment for natural recovery of spilled oil and found that the shoreline
impacted also effects the amount of time that the oil will take to degrade. The natural removal
half time can be used to estimate the amount of time required for a shoreline to naturally recover
from an oil spill (Table 11) (McCay and Rowe, 2009). If the wetlands were oiled to the
maximum thickness it would take 4.5 years for the oil to degrade to a concentration of 10%
(Appendix 3).
Table 11 (From McCay and Rowe, 2009). Shore types maximum oil thickness capacity and the natural removal half times. This
table is based on observations during the Amoco Cadiz and Exxon Valdez shoreline oiling retention amounts.

Shore Type
Rocky
Gravel
Sand
Tidal flat
Wetland

Maximum Oil Thickness (mm)
2
15
25
10
40

Natural Removal (Erosion) Half Time (days)
1
10
5
1
500

Benefits of allowing the oil to recover naturally are that no additional environmental
damage will be caused by people trampling through the wetlands. Areas were natural recovery
was used, a quick recovery was observed (1-2 growing seasons) (Michel and Ruthford, 2014).
These areas had light oiling, the oil spill occurred during a perennial plant dormant season (fall
or winter), minimal soil contamination occurred, and the areas were exposed to wind and waves
(Michel and Ruthford, 2014). Natural recovery requires immigration, settlement and growth of
species and cannot be accelerated (Baker, 1999).
Negative aspects of natural recovery include public perception and the toxic effects of
chronic exposure. Convincing the public that it is better to allow natural recovery is difficult. The
expectation is that government agencies designated to help the environment should be taking
action. Oiled areas may be closed for commercial and recreational purposes, negatively effecting
the socioeconomics. The acute and chronic effects were examined by Peterson et al. (2003) from
the Exxon Valdez oil spill (Table 12). Traditionally risk assessment models focus on the acute
toxic effects of oil spills (Peterson et al., 2003). The acute toxic effects predominately are from
surface oils. Studies on acute risk assessments typically are conducted for 4 days (Peterson et al.,
2003).
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Table 12 (from Peterson et al., 2003). Acute and chronic effects of oil from the Exxon Valdez oil spill. The further chronical effects
may be observed if oil is left to naturally weather.

Acute Study

Chronic Study
Shorelines
Oil will degrade rapidly by evaporation and
Variation in decay by location. Oiled fine
microbs. (not including marshes)
sediment protected from weathering
processes may remain for years.
Fish
Oil effects were studied for approximately
Embryos exposed to oil had growth
4 days to study acute mortality rates.
deformities. May affect future populations.
Shorebirds and Marine Mammals
Oiling of feathers and fur resulted in death
Chronic exposure from ingesting
from hypothermia, coating of the oil or
contaminated prey such as bivalves.
ingestion.
Consumption of contaminated prey
resulted in issues associated with caring for
young and reproduction.
Coastal Communities
Shoreline plants and invertebrates
Clean up through power washing, chemical
smothered.
dispersants, and other physical methods
caused more damage to areas than that oil
was not removed.

Natural recovery may be a viable option for the Bakken crude oil scenario; the Area
Contingency Plan recommends avoiding trampling through most of the wetland sensitive sites
and allowing for the oil to naturally recover if access is not available (California Department of
Fish and Wildlife, 2014). If the oil is pushed further into the mud or sediment, exposure to the
atmosphere would decrease the oxidation and natural recovery process of the oil (California
Department of Fish and Wildlife, 2014). The Bakken crude oil will weather quickly in areas
exposed with higher wind and waves. Natural recovery would take a maximum of 4.5 years in
heavily oiled areas with little to no wind or waves action. However, the chronic environmental
exposure could have negative impacts to the San Francisco Bay fish populations. Incardona et al.
(2012) found that Pacific herring embryos experienced increased mortality rates and birth defects
when exposed to bunker oil from the Cosco Busan. Pacific herring lay eggs along the shoreline;
had the oil not reached the shoreline, the embryos would not have suffered the consequences
(Incardona et al., 2012). Bunker oil is a heavier crude oil, and more volatile crude oils, such as
Bakken, are more soluble in water and may be absorbed more readily by aquatic species (McCay
and Rowe, 2009). Specific effects of chronic Bakken crude oil exposure on aquatic species was
not available at the time of this study.
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On-Water Mechanical Recovery
On-water mechanical recovery is the use equipment to create barriers to control the
spread, contain, deflect, and physical recovery of oil. Physical and chemical characterizes of the
oil are not changed (Dave and Ghaly, 2011). Types of mechanical recovery available include:
skimmers, boom strategies, mops, sorbents, adsorbents and vacuums. Booms provide physical
barriers for the oil and control further spreading (Venikos et al., 2004). Types of booms in Figure
13 include: A) curtain booms for offshore with higher waves action; B) fence booms for areas
with high currents and minimal waves; shore sealing booms to provide as a barrier for intertidal
zones; and C) fire-resistant booms that can be used in conjunction with in situ burning operations
(Venikos et al., 2004). Boom can be set by anchors to act as a barrier, to create a collection point,
or towed by vessels to collect oil for skimming operations (Venikos et al., 2004 and Dave and
Ghaly, 2011).

Figure 13 (from Dave and Ghaly, 2011). Types of boom and skimmers used during on-water recovery operations. A- curtain
boom; B-fence boom; C- fire resistant boom; D- weir skimmer; E- oleophilic skimmer; and F- Suction skimmer.

Oil pooled by boom can be removed by skimmers or sorbent material. Skimmers are
mechanical devices used to recover oil by suction or adhesion (Venikos et al., 2004). Types of
skimmers in Figure 13 include: D) weir skimmers that collect oil from the surface using gravity;
E) Oleophilic or adhesion skimmers attract oils on a rotating surface; and F) suction skimmers
use a gravity or a vacuum to remove oil (Dave and Ghaly, 2011, Broje and Keller, 2006). The oil
is then collected from the weir sink or scraped from the oleophilic surface and placed in a
holding tank on a vessel (Broje and Keller, 2006). Adhesion skimmers with more surface area
have higher recovery rates than smooth surface skimmers (Broje and Keller, 2006). Recovery
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rates based on diesel oil for adhesion skimmers will be approximately 52 gallons per hour (Broje
and Keller, 2006). Emulsification of the oil will decrease the efficiency and increase recovery
time (Broje and Keller, 2006).
Mechanical cleanup equipment is limited by wave height, current velocity, and the
viscosity of the oil (Table 13) (Venikos et al., 2004). The lower viscosity oils are ideal for
mechanical recovery (Venikos et al., 2004). Skimmers are vulnerable to floating debris which
may cause the apparatus to clog (Venikos et al., 2004). Limitations should be known prior to
choosing specific pieces of equipment (Venikos et al., 2004). The oil recovery rate of skimmers
ranges from 1 to 700 m3/hour and efficiency varies from 0-90% (Venikos et al., 2004, Etkin,
2000, and Lessard and Demarco, 2000). Mechanical response is constrained by equipment
availability and covers small parts of a larger slick; more equipment is needed to cover a larger
area (Lessard and Demarco, 2000).
Table 13 (from Venikos et al., 2004). Lower limitations of mechanical recovery equipment.

Boom
Skimmer

Wind (knots)
8
3

Current (knots)
0.6
0.7

Wave Height (meters)
0.4
0.4

Seas (meters)
2
2

The San Francisco Area Contingency Plan is predominately based on on-water
mechanical recovery through the use of boom protection and mechanical recovery strategies
(California Department of Fish and Wildlife, 2014). Sensitive sites with boom strategies include
materials needed for each individual plan (California Department of Fish and Wildlife, 2014).
The strategies are tested by oil spill response organizations under the supervision of California
Fish and Wildlife biologists and oil spill prevention specialists (California Department of Fish
and Wildlife, 2014). The sensitive sites strategies in the Suisun and San Pablo Bay are designed
to protect the shoreline from oiling by using protective or deflective booming strategies (Figure
14) (California Department of Fish and Wildlife, 2014). In order for the booming strategies to be
effective, they would need to be in place prior to the oil reaching the sensitive site (McCay and
Rowe, 2009). The Area Contingency Plan is designed to be in place for all strategies within 48
hours; the oil trajectories in this scenario predict that the oil will impact these areas in a shorter
time period (Figure 6) (McCay and Rowe, 2009). During an event that a large amount of oil is
discharged instantaneously, these strategies may not be effective and alternative response
techniques may be necessary to prevent shoreline oiling (McCay and Rowe, 2009).
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Figure 14 (From NOAA, 2016). Sensitive site booming strategies. The Environmental Response Management Application layer of
San Francisco Bay and Delta Area Contingency Plan booming strategies and sensitive sites for the Suisun and San Pablo Bay.
Yellow lines are boom placement and red and black circles are environmentally sensitive sites.

Alternative Response Technologies
Alternative response technologies include dispersants, in situ burning, and
bioremediation (EPA, 1993). These response techniques are second tier and require approval of
the Regional Response Team IX, California Department of Fish and Wildlife, Department of
Interior, Department of Commerce, and natural resource trustees (Region Response Team IX,
2016). The alternative response technologies present additional risks to the public and the
environment, so extra consideration is needed with respect to the safety, toxicity, and
effectiveness of each individual technique. In addition, monitoring by the Special Monitoring of
Advance Response Technologies (SMART) team is required (Region Response Team IX, 2016).
The following section will describe dispersants, in situ burning, and bioremediation in terms of
the advantages, disadvantages, and practical use for the Bakken crude oil derailment scenario.
Dispersants
Dispersants are chemical compounds that when applied to an oil slick, disperse the oil
into the water column (Lessard and Demarco, 2000). Dispersants are chemicals that behave like
soap; the chemical compounds have a lipophilic (oil loving) group that bonds with the oil and a
hydrophilic (water loving) group that bonds with water (Figure 15) (Lessard and Demarco,
2000). After the dispersants bond with the oil, the oil is removed from the surface by decreasing
surface tension, and scattering the oil within the top 10 meters of the water column in 1-70 µm
sized droplets (EPA, 1993, Lessard and Demarco, 2000). The oil droplets are then spread out by
the sub-surface currents to concentrations of 1 ppm or less (EPA, 1993). The smaller oil droplet
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size is more readily available for bacteria consumption (Lessard and Demarco, 2000). Chemical
dispersants are used as a response method rather than a cleanup method; no oil is removed from
the water using this technique (EPA 1993).

Figure 15 (from Lessard and Demarco, 2000). Dispersant mechanism
when applied to oil. The dispersant has a lipophilic and hydrophilic side.
The lipophilic side adheres to the oil, decreases the surface tension and
the oil-dispersants sink into the water column.

Advantages of using dispersants are: 1) they can be used during weather conditions when
containment and mechanical recovery are not possible; 2) provide rapid treatment of an area; 3)
decrease emulsification rates and increase mechanical recoverability; 4) increase the rate of
biodegradation; and 5) decrease the persistence and ability for the oil to adhere to objects,
shorelines, and wildlife (Lessard and Demarco, 2000). Mudflats and intertidal zones will be less
impacted by the oil if it is treated prior to oiling, but will not benefit from dispersant application
after shoreline oiling (EPA, 1993).
Negative aspects of dispersants are predominantly associated with potential toxic effects.
When dispersants are applied, acute toxicity occurs to subsurface organisms by increasing the
exposure to the oil droplets and dissolved and aromatic partitions (NRC, 2005). Toxicity may be
in direct relation to the amount of chemical dispersant, the increased bioavailability of the oil,
and unknown synergistic effects of the chemical dispersant and oil (NRC, 2005). The oil and
dispersant toxicity varies by the affected species and life stage; juveniles, embryos, and larva are
more susceptible to toxic effects (NRC, 2005). Birds in direct contact with dispersants were
observed to have a decrease in feathers’ ability to repel water and provide insulation (NRC,
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2005). Madison et al. (2015) found fish embryos developed deformities of the swim bladder after
exposure to diluted bitumen crude oil; when the oil was treated with dispersants, the percentage
of embryos with deformities increased.
Dispersants are the primary response technique used in some European countries such as
Norway, but are rarely used in the U.S. (EPA, 1993). Dispersant products must be approved by
the EPA and pass standardized toxicity tests (EPA, 1993). For the Federal On Scene Commander
(FOSC) to use a dispersant in California waters, it must be a federal and state approved product
and concurrence for use must be obtained from the Region Response Team representatives
(EPA, 1993 and Regional Response Team IX, 2016). Considerations for the use of dispersants in
a salt marsh include applying the dispersants as far away from the marsh as possible, during a
rising tide, and when meteorology conditions support mixing action (EPA, 1993). In areas with
little mixing action, the oil droplets may remain subsurface and may expose non-mobile species
such bivalves and other invertebrates to higher concentrations of oil for longer periods of time
(NRC, 2005). Environmental tradeoffs must be considered between the exposure of oil to
shorelines or the water column and benthic species (EPA, 1993). The vulnerability of each
ecosystem needs to be evaluated prior to deciding to use dispersants.
The Bakken crude oil scenario is in a conditional dispersant use area because the location
is within 3 nautical miles of shore, the proximity to environmentally sensitive sites, and in
shallow waters (EPA, 1993 and Region Response Team IX, 2016). Within the decision process,
environmental tradeoffs are discussed, as are managing negative perceptions from the public
(Region Response Team IX, 2016). In addition to the environmental and public implications, the
ideal application conditions of the dispersant must be considered to maximize effectiveness
(Table 14). Wave or wind energy is required to facilitate the dispersion process but the ideal
wind speed is less than 25 miles per hour; the oil spreads more quickly during high winds and
targeting the oil is more difficult (EPA, 1993). Dispersion decreases in fresh water; during
periods of increased rain or river runoff, the dispersant effectiveness may decrease (EPA, 1993).
Water depths shallower than 10 meters (32.8 feet) may be less effective, however, oil treated
with dispersants is less likely to adhere to benthic sediments (EPA, 1993). Crude oils with higher
American Petroleum Institute (API) gravities are more dispersible, making Bakken crude oil an
excellent oil type for dispersant use with respect to an API gravity of 40.5 to 43.1 (EPA, 1993).
The ratio of application is 1:10 to 1:20 parts dispersant to oil depending on the specific chemical
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used, and must be applied before the oil becomes too viscous or emulsified (EPA, 1993). The
window of opportunity to apply the dispersants is prior to emulsification which will begin to
occur after the oil has finished evaporation and dispersion; emulsification will occur for Bakken
crude oil after approximately 5 days (Figure 8). Dispersants can be used in conjunction with
other response techniques, however, fire decreases the effectiveness of dispersants (EPA, 1993).
Table 14 (from EPA, 1993). Ideal dispersant application conditions.

Maximum Wind Speed (miles per hour)
Wave Height (m)
Water Depth (m)
Water Salinity (ppt)
Oil API gravity
Max time prior to emulsification
(hours after spill)
Dispersant to oil ratio

17-21
1-3
< 10
15-40
5 to 50
48-72
1:10 – 1:20

In situ Burning
In situ burning involves burning the oil in place to prevent further spreading and
contamination (U.S. Coast Guard, 2003). The oil must be collected by fire boom to a burnable
thickness of at least 1 mm and then ignited by response personnel on a helicopter or boat (U.S.
Coast Guard, 2003). The oil must be ignited prior to emulsification; once emulsified and the oil’s
water content exceeds 25%, most oil slicks are not ignitable (Buist et al., 1999). For the oil to
ignite three elements must be present: 1) fuel (the oil), 2) oxygen, 3) and source of ignition
(Buist et al., 1999). The temperature of the oil must be hot enough for the vapors of the oil to
ignite to the flash point temperature; the vapors burn, but not the oil itself (Figure 16) (Buist et
al., 1999). The temperature must remain above the flash point in order to continue the burning
(Buist et al., 1999). Temperatures of the flames reach 900-1200º C but the water remains below
boiling and near ambient temperatures (Buist et al., 1999). Oil burning efficiencies are reported
at greater than 90%; crude oil burn rates range between 3.5-4.0 mm/min for oil 10 mm thick
(Buist et al., 1999, Etkin, 2000). After the burn, remaining residue can be collected by
mechanical recovery methods (Buist et al., 1999).
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Figure 16 (from Buist et al., 1999). In situ burning heat vectors. The oil vapors burn and radiate heat to the oil slick, increasing
the heat of the oil. The increasing oil temperatures increase the rate of vaporization to sustain the flame and increase the
surface water temperatures.

Lin et al. (2002) reported the recovery of saltmarsh plant species during an in situ burn
was dependent on the depth of water over the soil surface during the burn. A water depth of 10
cm over soil was efficient at keeping soil temperatures below 60º C during an in situ burn lasting
1,400 seconds, and temperatures above the water reaching 700º C (Lin et al., 2002). At soil
temperatures above 60º C, plants reached thermal stress limits (Lin et al., 2002). The deeper the
water over the marsh vegetation is, the less soil temperatures will increase (Lin et al., 2002).
In situ burning can be used to prevent oil from reaching a marsh and prevent the oil from
penetrating the soil. The lower the amounts of petroleum hydrocarbons and aromatic
hydrocarbons reaching the soil, the faster plants will recover from an oil spill (Lin et al., 2002).
Plant survival and recovery decreased when oil penetrated the soil before the burn (Lin et al.,
2002). The burns reduced the total amount of oil by 95% and reduced polycyclic aromatic
hydrocarbons (Lin et al., 2002). The earlier use of in situ burning decreases the amount of oil that
reaches shorelines and penetrates the soil. In situ burning is effective at removing oil that
penetrates the soil (Lin et al., 2002).
In situ burning is an effective and quick way to remove large volumes of oil, and prevent
oil from contaminating shorelines (U.S. Coast Guard, 2003). Minimal equipment and personnel
logistics are required (U.S. Coast Guard, 2003). The process is much faster than mechanical
means and can reach oil in shallow waters (U.S. Coast Guard, 2003). For larger spills, in situ
burning decreases response costs by requiring less equipment, storage, and disposal (U.S. Coast
Guard, 2003).
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Problems with in situ burning are controlling the fire and the smoke plume generated.
Risks of secondary fires exists when in close proximity to land; this risk could affect burning
more land and infrastructure (U.S. Coast Guard, 2003). The large smoke plume generated
generally dissipates quickly but the black cloud will be an issue for public perception, toxicity,
smoke inhalation, and exposure concerns (U.S. Coast Guard, 2003). The recommended distance
for using in situ burning from populated area is 4 miles (U.S. Coast Guard, 2003). Particulate
matter recommendations are not to exceed 150 µg/m3 per day for 10 microns and 65 µg/m3 per
day for 2.5 microns (U.S. Coast Guard, 2003). The smoke plume is composed of particulate
matter that is 10 microns (90%) and 2.5 microns (55%) (U.S. Coast Guard, 2003). In situ burn oil
spill response standards are conservative compared to the National Ambient Air Quality
Standards particulate matter exposure; response standards are: particulate matter for 10 microns
will not to exceed 150 µg/m3 per hour, and 2.5 microns will not exceed 65 µg/m3 per hour
conservative (U.S. Coast Guard, 2003 and 40 CFR 50).
For the Federal On Scene Coordinator to use in situ burning during a response it must
first go through an approval process. The approval process includes ensuring that the oil and
weather conditions will be favorable for an effective burn (Table 15), and the operation must be
in concurrence with the Regional Response Team, U.S. Environmental Protection Agency,
Department of Commerce, and Department of Interior (U.S. Coast Guard, 2003). Usually in situ
burns are not permitted within 3 miles of the U.S. (U.S. Coast Guard, 2003). For California, preapproval zones are 35-200 miles off of the California Coast (Regional Response Tem IX, 2016).
It may be difficult to obtain approval for in situ burning due to the proximity of shoreline, high
density population, and environmentally sensitive sites.
The Bakken crude oil may ignite during the derailment as observed in historical incidents
(Lochner and Roberts, 2014). Allowing the fire to continue to burn depends on the safety of
response personnel, the public, environment, and property. If the Bakken crude oil does not
ignite during the derailment, ideal conditions for using in situ burn as a response option are listed
in Table 15. Bakken crude oil classified as a Group II oil (33 CFR 155.1020). Bakken crude oil
API specific gravity is greater than ideal due to the lighter hydrocarbon ends which result in an
increase of vapors (U.S. Coast Guard, 2003). The fire should not be ignited until vapors have
evaporated as the fire may not be controllable with significant amounts of vapors remaining on
the oil. Evaporation of the vapors will decrease after 12 hours and emulsification will occur
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between 48 and 76 hours (Figure 8); the window of opportunity to ignite the Bakken crude oil is
between 12 and 76 hours after the spill. The weather conditions must be fairly calm for in situ
burning with favorable winds 10 knots or less than and waves 2 feet or less (U.S. Coast Guard,
2003). Calm weather conditions are desired maintain the oil within the fire boom and to keep the
thickness above 1 mm or what is required for the oil to burn (U.S. Coast Guard, 2003). Calm
wind conditions will decrease the rate of spreading, maintain the vapors above the lower
explosive limit in order to ignite the oil, and maintain the fire so it does not blow out (U.S. Coast
Guard, 2003). Waves over 3 feet will splash over the boom and increase the rate of
emulsification (U.S. Coast Guard, 2003). Currents above 0.7 knots will cause the fire boom to
entrain, or spill over (U.S. Coast Guard, 2003).
Table 15 (from U.S. Coast Guard, 2003). Ideal in situ burn conditions.

Oil Group
API Specific Gravity
Maximum Wind Speed (miles per hour)
Wave Height (feet)
Current (miles per hour)

II or III
17 to 35
< 12
<3
< 0.7

Bioremediation
During the Amoco Cadiz spill off the coast of France in 1978, biological oil degradation
occurred more rapidly than chemical degradation (Atlas, 1995). The following year, during the
Tanio response, biodegradation occurred within the first day near the same coastline of France
(Atlas, 1995). This was thought to have occurred because of the frequent release of hydrocarbons
from oil spills and ballast water in the region, aerated waters from wind and wave action, and
nutrient supply from agriculture run off and upwelling (Atlas, 1995). Biodegradation was
observed in subsequent spill responses but field tests were not conducted until 1989 during the
Exxon Valdez spill in Prince William Sound, Alaska (1995). Field tests added nutrients to lightly
oiled shorelines, and successfully treated over 70 miles during the response (Atlas, 1995). Exxon
Valdez has since been the most successful use of microbes for response (Dave and Ghaly, 2011).
The benefits of bioremediation have not been demonstrated through field application in San
Francisco Bay and is considered more experimental than a primary use of clean up (Region
Response Team IX, 2016).
Bioremediation involves the addition of nutrients or microbes to accelerate the oil
decomposition process (Regional Response Team, IX, 2016). Microbes biodegrade the smaller
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hydrocarbons first, followed by the larger aromatic hydrocarbons in petroleum products (Atlas,
1995). The final products are carbon dioxide, water, and protein or biomass (Atlas, 1995). Rates
of degradation are between 0.03 and 50 g/m3 per day depending on the environmental factors
(Atlas, 1995). Bioremediation used in conjunction with dispersants increase effectiveness
because the dispersants make the oil more bioavailable (Dave and Ghaly, 2011). Toxicity of the
oil is decreased with the use of bioremediation (Atlas, 1995). Not all of the products are
completely biodegradable in petroleum and will remain in the environment in smaller amounts
(Atlas, 1995).
Bioremediation can be achieved by adding microbial cultures or alerting the environment
by adding nutrients (Atlas, 1995). Adding microorganisms that degrade petroleum hydrocarbons
have shown to add little or no benefit to oil degradation (Atlas, 1995). The added
microorganisms must compete with the existing microbes for nutrients and in some cases delay
the biodegradation (Atlas, 1995). Environmental modification by adding nutrients of nitrogen,
phosphorus, and other minerals has shown success in increase bioremediation rates; studies
conducted during the Exxon Valdez response, 3-4 times more oil remained in areas that fertilizers
were not added (Atlas, 1995). Studies conducted found that the added nutrients did not contribute
to eutrophication or algae blooms (Atlas, 2015).
Drawbacks to the bioremediation process that it can take months or years compared to
other open water response techniques (EPA, 1993). The fast spreading oil will likely impact
sensitive shorelines prior any biodegradation and adding additional nutrients may have more
expansive environmental effect beyond the oil spill impact site (EPA, 1993). Bioremediation
may be a secondary long-term remediation method once shorelines have been oiled rather than a
response method (EPA, 1993). The policy of the Regional Response Team IX (2016) states that
bioremediation can be used as a remediation tool by adding nutrients rather than microbes. To
use biological additives, the product must be on the EPA’s Product schedule and approved by the
California State Water Resources Water Control Board (Region Response Team IX, 2016).
Approval is required by the EPA, California Department of Fish and Wildlife, Department of
Interior, and Department of Commerce trustees (Region Response Team IX, 2016).
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Shoreline cleanup
In the event that oil reaches and oils shorelines, the impact and effectiveness of any
action should be considered (Michel and Ruthford, 2014). Shoreline clean up actions vary from
light to intense response treatments. Treatments include: digging barriers or berms, mechanical
oil removal, sediment reworking or tilling, vegetation cutting, vacuum and debris removal,
flooding, ambient water flushing or use of sorbents (NOAA, 2010). Sorbents recover oil by
adhesion or absorption material made of either natural organic, mineral or inorganic, or synthetic
sorbent materials (Venikos et al., 2004). Sorbents are usually used closer to shore and must be
disposed of after cleaning up the oil, adding to the environmental damage by producing waste
(Dave and Ghaly, 2011). Intense treatment may push oils further into the marsh and increase
recovery rates; worldwide studies showed that recovery rates for marshes treated with intense
methods took an average of 7 years to recover (Michel and Ruthford, 2014). Lightly treated
marshes averaged 2.5 years to recover, while natural recovery was dependent on the location in
terms of oil type, extent of contamination, area wave and currents, climate, (Michel and
Ruthford, 2014).
During the Deep Water Horizon response, Zengel et al. (2015) found that mechanical
treatment increased the negative effects of oiled shorelines by mixing the oil 5 to 20 centimeters
further into marsh soils in Barartaria Bay, Louisiana. When manual shoreline treatment of the
same saltmarsh followed by planting, vegetation returned more quickly, had more diversity in
plant species seed recruitment, shoreline erosion was reduced, and total polycyclic aromatic
hydrocarbon amounts in the soil did not increase when compared to untreated areas (Zengel et
al., 2015). When left untreated, storm or high water events, the oil was remobilized from the
shoreline and re-oil the area (Zengel et al., 2015). In oiled untreated and treated areas, marsh
periwinkle (Littoraria irrorata) populations were 1 to 5% of the control and unoiled shoreline
populations; the low occurrence of marsh periwinkles indicates that invertebrate recovery in any
oiled shoreline will be a slow process despite treatment or no treatment (Zengel et al., 2015). The
oiled shorelines accelerated the rate of erosion of the saltmarsh regardless if it was left to natural
recovery or shoreline clean up (Zengel et al., 2015 and Michel and Ruthford, 2014). The loss of
marsh habitat has longer term negative impacts beyond the time it takes for a full natural oil
recovery (Zengel et al., 2015).
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Intensive response actions may require restoration projects; restoration projects have had
mixed successful recoveries within 2 years or over 3 years with additional planting (Michel and
Ruthford, 2014). Shoreline response options often depend on the accessibility of the oiled areas
and the extent and condition of the oiling (Michel and Ruthford, 2014). Accessibility to the
marshes in Suisun and San Pablo Bays will be difficult. By land, the shoreline areas will have to
be accessed by foot, which increases the risk of pushing the oil further into the soil (California
Department of Fish and Game, 2014). Access by boat is also limited given that the depth of the
water is relatively shallow and exposed mudflats during periods of low tide (California
Department of Fish and Wildlife, 2014). The recommended methods in preferential order for
cleaning an oiled shoreline are: 1) natural recovery 2) vacuuming and use of sorbents from boats;
and 3) manual treatment coupled with replanting (Michel and Ruthford, 2014 and Zengel et al.,
2015).

End Points
A final discussion between the responsible party, federal, state, local responders, and the
trustees will be necessary to determine when to terminate the response. The termination of a
cleanup should occur when it has been evaluated by the response authorities that further actions
are ineffective, further action will cause environmental or economical damage, and costs exceed
the benefits (White, 2000). This discussion is necessary given that the clean-up actions past a
certain point cause more ecological damage and the remainder of the oil should be left the
natural recovery (Baker, 1999). No response option will effectively clean up all of the oil (Table
16) (Etkin, 2000). Defining how clean is clean is difficult as background levels of hydrocarbons
are difficult to determine and are found in higher concentrations in urban and industrialized bays
(Baker, 1999). Other ways to determine when an area is clean from and oil spill are: 1)
petroleum levels are below lethal or toxic limits for specific organisms; 2) food organisms, such
as fish, are not contaminated; 3) hydrocarbons are below detectable impacts levels for an
ecosystem; 4) oil is not visible to the human eye or does not impact recreational use; or 5) the
environment cannot be enhanced by further response actions without causing additional harm
(Baker, 1999).
The decision to continue a particular type of response method is dependent on if the
method will promote ecosystem recovery (Baker, 1999). The more sheltered an area is, the
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longer natural recovery will take with typical recovery times being three to five years with or
without clean-up for saltmarshes, and longer for sheltered areas and heavier, more persistent oils
(Baker, 1999). The long recovery times and terminating response actions may have negative
reactions with the public in terms of socioeconomics and aesthetics (Baker, 1999).
Socioeconomic concerns include fisheries, beaches, commercial uses, and public recreation
(Baker, 1999). In cases of negative public perception, the response may continue even with the
negative ecological implications (Baker, 1999). Often terminating the response is based on nontechnical data and response operations continue because of pressure from the public, media, or
politicians (White, 2000).
Table 16 (From Etkin, 2000). Reported response effectiveness. Effectiveness is based on 300 worldwide spill responses.

Method
Natural Recovery
On water mechanical recovery
Dispersants
In situ burning
Shoreline Cleanup

Reported Field Effectiveness
Up to 90% - dependent on the conditions
10-20%
80-90%
90-98%
Varies

Costs
This section will cover the costs associated with an oil spill cleanup. The section will discuss
1) where money for oil spill response comes from, 2) response costs, and 3) and environmental
remediation costs.

Oil Spill Liability Trust Fund
Money for oil spill responses comes from the responsible party or the Oil Spill Liability
Trust Fund. Subsequent to the Exxon Valdez, Congress passed the Oil Pollution Act of 1990 and
established the Oil Spill Liability Trust Fund (26 U.S.C. 9509 and 40 CFR 335). The Oil Spill
Liability Trust Fund is administered by the U.S. Coast Guard under the National Pollution Funds
Center (U.S. Coast Guard, 2016). Revenue for the Oil Spill Liability Trust Fund comes from
taxes on oil. Each domestic and imported barrel of oil is currently taxed 8 cents and will increase
to 9 cents per barrel in 2017 (Bearden and Ramseur, 2014). The Oil Spill Liability Trust Fund is
also funded by cost recovery and penalties. Each year, $150 million is available for federal
responses (Bearden and Ramseur, 2014) (33 U.S.C. 2752). Ideally a responsible party can be
identified and will pay for response clean up and damages under the direction of the Federal On
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Scene Coordinator. The responsible party is required to pay based on limit of liability.
Responsible parties from discharges of oil are responsible for response costs, natural resource
damages, economic damages, and costs of supportive government public services (Bearden and
Ramseur, 2014) (33 U.S.C. 2702).

Response Costs
The cost of a response is difficult to estimate due to the complexity and the variation of
each individual spill (Etkin, 2000). The response cost is dependent on the location, type of oil,
size of the spill, and the clean-up strategy; the variables within each individual oil spill make it
difficult to estimate the average costs (Etkin, 2000). The total cost of near shore spills can cost
up to five times higher than spills occurring offshore (Etkin, 2000). The average cost of a spill in
the U.S. is $114 per gallon spilled (2016 USD) (Etkin, 2000 and Prendergast and Gschwend,
2014). The average cost includes the response and fines from federal and local regulators
(Prendergast and Gschwend, 2014). The response costs are dependent on the primary response
method (Etkin, 2000). Shoreline clean-up is on average, the most expensive because it is the
most labor intensive (Etkin, 2000). Smaller spills are costlier per unit because of the initial
mobilization costs of personnel and equipment, i.e. a 100-1,000-gallon spill costs an average of
$70 per gallon and a 10,000-100,000-gallon spill costs an average of $8.77 per gallon (Etkin,
2000).
Response costs for the 100,000 Bakken crude oil derailment occurring in the Carquinez
Strait were calculated (Appendix 4). The average cost per gallon in the U.S. is $124.55 for a spill
oiling 20 to 90 kilometers of shoreline. Based on the U.S. average cost per gallon, a 100,000
gallon Bakken crude oil spill would cost an estimated $12.5 million (2016 USD). A regional
modifier of 15% was added because the estimated response costs in San Francisco are greater
than the national average and the location of the spill increases the costs (Etkin, 2001). The
location modifier for San Francisco increases the estimated total cost to $18.4 million (2016
USD). The cost of each primary response method previously discussed were calculated for this
response based on the analysis of 300 spills from 40 nations (Table 17) (Appendix 4) (Etkin,
2000). The calculations are based on the average cost per gallon spilled and modified for the oil
type, spill size, location of the spill, amount of shoreline oiled, and the primary cleanup method
used (Etkin, 2000).
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Table 17 (calculated from Etkin, 2000). Cleanup cost estimation of primary response techniques for San Francisco.

Response
Natural Recovery
On-water Mechanical Recovery
Dispersants
In situ Burn
Manual Shoreline

Cost (2016 USD)
$ 233,000
$ 2,150,000
$ 1,070,000
$ 583,000
$ 4,410,000

Environmental Remediation Costs
Environmental remediation is conducted by the area trustees. Trustees are notified during
the initial notifications and are involved with the entire response process. Trustees in California
area include California Department of Fish and Wildlife and U.S. Fish and Wildlife Services.
Natural Resource Damage Assessments are based on 1) habitat restoration, and 2) restock and
rehabilitation of species, and 3) socioeconomic losses (McCay et al., 2004). The total Natural
Resource Damage Assessment for the 2007 COSCO BUSAN incident totaled $32.3 million for a
spill of 53,569 gallons of bunker fuel (COSCO BUSAN Oil Spill Trustees, 2012). The cost was
based on the impacts to wildlife, habitat, and human recreational use and was calculated by the
number of birds killed ($5 million), percent of fish killed ($2.5 million), habitat damages ($4
million), and recreation user days lost ($18.8 million) (COSCO BUSAN Oil Spill Trustees,
2012).
Socioeconomic losses are based on impaired human uses of the San Francisco Bay
including park visits, on water recreation, and fisheries (COSCO BUSAN Oil Spill Trustees,
2012). In the COSCO BUSAN case, the amount was quantified by estimating revenue lost based
on past park visits, recreational data, and lost revenue (COSCO BUSAN Oil Spill Trustees,
2012). A socioeconomic cost assessment was outside the scope of this paper.
Habitat restoration costs are based on the Habitat Equivalency Analysis. For San
Francisco Bay, Habitat Equivalency Analysis costs are from the creation of saltmarshes.
Saltmarsh creation assists with the recovery of wildlife, fish, and invertebrates (McCay et al.,
2004). The cost of to create a saltmarsh in San Francisco Bay is $64.01 per square meter (2016
USD) (McCay et al., 2004). For the Bakken crude by rail scenario, the estimated shoreline area
oiled by a thickness of greater that 0.01 µm is approximately 30,000 square meters (standard
deviation 4,000 square meters) (McCay and Rowe, 2009). Using 30,000 square meters, the costs
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associated with saltmarsh restoration would total approximately $1.9 million (±$255,000) (2016
USD).
Restock and rehabilitation of seabird species costs are based on the Resource
Equivalency Analysis (McCay et al., 2004). The Resource Equivalency Analysis uses a loglinear regression to estimate the cost per bird based on the bird abundance per square kilometer
(Figure 17) (McCay et al., 2004). The more abundant a bird is, the less expensive it is. Costs of
birds in California (Table 19) range from $120 to $13,430 per bird to restore (McCay et al.,
2004). Table 19 consist predominately of birds found on the coast of California (McCay et al.,
2004) Other bird species of concern present in the Suisun and San Pablo Bay include the
California black rail, California clapper rail, saltmarsh common yellowthroat, Suisun song
sparrow, waterfowl, ducks, Canadian geese, winterizing migratory birds, peregrine falcons, and
raptors (California Department of Fish and Wildlife, 2014).

Figure 17 (From McCay et al., 2004). Mean annual abundance vs. cost per bird restoration is 2001 U.S dollars. As abundance of a
bird increases, the cost to restore the bird decreases.
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Table 18 (From McCay et al., 2004). Average abundance of California birds and restoration cost per bird.

Species

#/km2

Albatrosses
Small alcids
Cormorants
Guillemots
Gulls
Jaegers
Kittiwakes
Murres
Phalaropes
Shearwaters
Storm-petrels
Terns
Pelicans

Cost (US$/bird)
1.68
103
48.9
0.81
171
1.74
2.63
230
796
2.83
10.5
3.53
0.77

10,020
2,461
5,224
10,140
968
10,020
9,890
428
0.17
9,870
8,880
9,770
10,150

After the wildlife is rehabilitated and reintroduced, they may not survive. De La Cruz et
al. (2013), examined surf scooters released back into the San Francisco Bay following the
COSCO BUSAN oil spill. Three groups of surf scooters were compared: 1) oiled and
rehabilitated, 2) un-oiled and rehabilitated, and 3) a control group (De La Cruz et al., 2013).
Survival estimates were: oiled and rehabilitated 14.3 % (± 10.7 %); rehabilitated and un-oiled
77.2% (± 22.9%); and control 49.8% (±16.8%) (De La Cruz et al., 2013). The birds tolerated
rehabilitation well but the oiled birds had lower survival rates (De La Cruz et al., 2013). The
oiled birds may have suffered from physiological effects and needed post release survival
monitoring (De La Cruz et al., 2013). Additional ecological monitoring would increase the
overall environmental remediation costs.

Management Recommendations
The objectives of this research were to examine the trajectory and fate of an oil spill,
examine the ecological risks, assess response methods that cause the least amount of additional
environmental damage and are cost effective for a hypothetical Bakken crude oil incident
occurring in the North San Francisco Bay. Management recommendations focus on: 1) the best
response methods during a crude by rail oil spill in the Northern San Francisco Bay; 2)
preparation; and 3) prevention of future incidents.
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Response Method Recommendation
The response recommendation is based on the analysis of the oil spill trajectory, oil fate,
ecological risk assessment, and response options. The response methods should be based on the
net environmental benefit analysis through discussion between the responders and environmental
trustees (Baker, 1999). The effects of the four generalized response methods were evaluated for
the Northern San Francisco Bay and for a Bakken crude oil spill. The evaluation was used to
modify NOAA’s response recommendations from Table 10 for the Bakken crude by rail incident
scenario in the Northern San Francisco Bay (Table 20).
Table 19 (Modified from NOAA, 2010). Recommended response actions for a Bakken crude oil derailment incident originating
from the Union Pacific Railroad Bridge. Each recovery option is rated on the habitat impacts: A - Least adverse habitat impact; BSome adverse impact; C-Significant adverse impact; D – The most adverse habitat impact; I – Insufficient information regarding
the habitat impact.

On shore: Brackish Marsh
Natural Recovery
Barriers/Berms
Manual Oil Removal Cleaning
Mechanical Oil Removal
Sorbents
Vacuum
Debris removal
Sediment reworking/tiling
Vegetation Cutting and removal
Flooding
Low-pressure ambient water flushing
Solidifiers
Nutrient Enrichment
Natural Microbe Seeding
In situ burning

On-Water: Bays and Estuaries
A
D
B
D
A
B
C
D
C
B
B
D
A
C
C

Natural Recovery
Booming-Containment
Booming Deflection/Exclusion
Skimming
Physical Herding
Sorbents
Debris Removal
Dispersants
Emulsion Treating Agents
Elasticity Modifiers
Herding Agents
Solidifiers
In situ Burning

B
A
A
A
B
B
A
B
B
B
B
C
A

In the event of an actual incident, additional considerations are recommended with
respect to the spill specifics, and current hydrologic, meteorological conditions. An optimal
response minimizes both the environmental damages and the response costs (Prendergast and
Gschwend, 2014). It is recommended that a combination or response methods be used to
optimize the response effectiveness (Figure 18) (Dave and Ghaly, 2011). The main response
objective should be to limit the amount of shoreline oiling, as shoreline oiling has the highest
environmental impact, and the most expensive, and difficult method (California Department of
Fish and Game, 2014). The Area Contingency Plan should be immediately implemented to
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protect sensitive sites and to notify trustees (California Department of Fish and Game, 2014).
Alternative response technologies of in situ burning and dispersants should be immediately
discussed; these methods have the highest effectiveness of removing oil from the water surface
but must be vetted through the Regional Response Team and approved prior to use (Regional
Response Team IX, 2016).
If alternative response technologies are approved for use in the response, the
chronological order of the methods used will impact the effectiveness of subsequent methods
(EPA, 1993). In situ burning will decrease the effectiveness of dispersants, mechanical, and
natural recovery because of the residue left behind; dispersants will decrease the effectiveness of
oleophilic skimmers (EPA, 1999). Recent Bakken crude oil spills due to derailment have ignited
(Lochner and Rogers, 2014). If the safety of first responders, public, and property is secure, it is
recommended to let the oil burn to the furthest extent possible. If in situ burning is not a viable
option, then it is recommended that on water mechanical oil recovery is deployed in conjunction
with dispersants, and followed by natural recovery or bioremediation (Dave and Ghaly, 2011).
In the likely event of shoreline oiling, minimal shoreline cleanup methods and natural
recovery are recommended. Access to marsh and sensitive sites are limited in the Suisun and San
Pablo Bay by both water depth and from shore (California Department of Fish and Wildlife,
2014). Cleanup personnel utilizing shoreline access increase the risk of trampling and pushing
the oil further into the mud because of the lack of boardwalks and developed roads in the area
(California Department of Fish and Wildlife, 2014). Bioremediation through the addition of
nutrients may increase the rate of natural recovery but will depend on each specific oiled area.
Field tests are recommended for future remediation purposes.
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Figure 18. Response methods decision tree. The specifics of an incident will determine how the oil spill is mitigated. This is a
simplified decision tree where the main objective is to limit shoreline oiling and cleanup actions. The initial actions depend on if
the oil is ignited from the derailment and if it is safe to allow the fire to continue to burn. If there is no fire, dispersants use is
recommended pending Regional Response Team IX approval. A combination of on-water mechanical recovery, minimal
shoreline cleanup coupled with planting, and natural recovery should be used to limit additional environmental impacts.

Preparation
Contingency planning facilitates the decision making process and appropriate agency
networking (EPA 1993). Even in a simulated event, the oil spill incident was complex with
variables existing from the oil properties, meteorological and hydrological conditions, and
ecological factors. Planning and exercises with variable introjections should be conducted on a
routine basis. A standardized response incorporating the National Incident Management System,
response actions will be decided on by the responsible party, federal, state, and local agencies.
Increasing agency familiarity with all parties involved and practice for an actual incident will
increase the effectiveness of the response decision processes. Updating the Area Contingency
Plan with a supplemental crude by rail incident as a response guide will benefit incident
preparation. Exercises that engage rail companies with local responders would improve response
effectiveness. Local engagement would also familiarize rail companies with the specific areas,
regional, and local regulations.
Planning and exercises should address the response action decision process for
alternative response technologies (EPA, 1993). For a Bakken crude by rail oil spill, response
decisions should be made within a 12-hour period. Quick and appropriate decisions make a
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difference in the extent of environmental exposure and ease of clean up. Using alternative
response technologies requires approval or concurrence with the Regional Response Team.
Response options can be controversial in terms of the alignment with the policy and scientific
support, namely in situ burning and dispersants. McCay et al. (2004) suggests the use of
dispersants to decrease the overall net impacts of shoreline oiling. Regional response regulations
dictate that these response options should not be used within 3 miles of shoreline (Regional
Response Team IX, 2016). The window of opportunity to use in situ burning or dispersants is
limited; The vapors will decrease after 12 hours and the oil will start to emulsify after 5 days
(Figure 8). Facilitating the approval process would decrease the decision timeframe, improve the
method effectiveness, and decrease shoreline oiling.
Managing the public and media perceptions of the response should be a priority. Incident
managers should prepare and incorporate media outlets to communicate the incident, response
decisions, and manage volunteer opportunities. Effective of a response, regardless of the
response methods used, may be subject to criticism from the public if proper communication
avenues are not well managed (Self, 2010). Specific to San Francisco, the COSCO BUSAN
incident response and public communication were severely criticized, volunteers and the public
were poorly managed, even with a 44% oil recovery within the first 2 weeks (San Francisco
Baykeeper, 2010 and U.S. Coast Guard, 2008). As controversial as applying dispersants or in
situ burning may be, not taking any action and allowing the oil to naturally degrade may have
equally negative public perception consequences. Communicating the reasons behind the
response methods chosen is critical through an assigned and dedicated public affairs officer. The
public affairs officer should incorporate media interviews with scientists and subject matter
experts with a unified and supportive response message.

Prevention
The primary mechanism to prevent further crude by rail incidents is through regulations
and policy. Total prevention would be ban the transport of crude by rail in high risk population
and environmental areas. New regulations set by the Department of Transportation and the
Pipeline and Hazardous Materials Safety Administration were published on May 1, 2015 and
predominantly focus on public safety (Department of Transportation, 2015). The regulations
define high-hazard flammable trains (HHFT) as 20 or more tank cars in a row or 35 or more
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tanks cars dispersed throughout the train loaded with a flammable liquid (Department of
Transportation, 2015). HHFTs will be subject to the following safety rules: 1) enhanced breaking
to electronically controlled pneumatic brakes on all trains by May 1, 2023; 2) increased tank car
standards, and the phase out the of the single haul cars to be replaced with double haul cars; 3)
reduction of operating speeds to 50 miles per hour in all areas and 40 miles per hour for trains
through high-threat urban areas; 4) implementation of a classification and testing program for
unrefined petroleum products such as Bakken crude oil; 5) routing risk analysis away from high
threat urban areas; and 6) notifications to state, local, and tribal responders (Department of
Transportation, 2015). These rules will not be implemented until 2023 and do not require
additional environmental precautions. The route risk assessments may redirect crude by rail
trains away from urban areas and to more rural and environmentally sensitive areas with less
maintained tracks.
Enacting the Crude by Rail Safety Act into law would require trains transporting crude
oil passing over waters subject to the Federal Water Pollution Control Act to adhere to the same
regulations as vessels and facilities transporting oil (S. 859, 2015). Specifically, this would
require railroad companies to coordinate updates to the National, Regional, and Area
Contingency Plans (S. 859, 2015 and National Oil and Hazardous Substances Pollution
Contingency Plan, 2010). Each railroad company would be required to create oil spill response
plans, make oil spill response organization notifications, and require safety inspections by the
Federal Railroad Administration and corresponding Federal On Scene Coordinator (Oil or
hazardous material pollution prevention regulations for vessels, 2001 and Facilities transferring
oil or hazardous material in bulk, 2012). The Crude by Rail Safety Act would impose a fee of
$175/car for railroads continuing to use single hauled railcars with an increased annual fee (S.
859, 2015). The fee would collect in a general fund towards community response preparations,
cleanup costs, and grants to reroute tracks away from urban areas (S. 859, 2015).

Conclusions
The purpose of this paper was to provide a contingency response plan from a derailment
occurring on the Union Pacific Railroad carrying Bakken crude oil. The paper addressed risks, a
potential scenario, trajectory and oil fate, ecological risk assessment, response options, and costs.
The contingency plan examined the potential trajectory of an oil spill into the Carquinez Strait
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during a tide that would have the largest environmental impact to the Suisun Bay. The maximum
tidal excursion, oil spill trajectory, and degradation model were used to examine the extent that
the oil spread may spread. The ecological impacts were assessed based on the extent of the oil
trajectory and environmentally sensitive sites. Response techniques to clean up the oil were
analyzed for effectiveness, additional ecological impacts, and for cost. The cost of the response
techniques and environmental remediation were calculated. Each section will be summarized in
more detail below.
Risk of derailment and possible scenario
San Francisco Bay is susceptible to the increased risk of oil pollution from a crude by rail
incident. The Department of Transportation estimates that there will be ten derailments from
trains carrying crude oil per year in the U.S. (Associated Press, 2015). A potential location for a
crude by rail incident impacting the San Francisco Bay would be a derailment from the Union
Pacific Railroad Bridge and spilling oil into the waters of the Carquinez Strait. A discharge of
100,000 gallons of Bakken crude oil was analyzed.
Oil trajectory and degradation models
The oil will be transported predominately by the surface currents (Figure 5) (Lehr and
Simecek-Beatty, 2000). The tidal excursion was calculated to be 12.1 miles east during a
maximum tidal flood from the Union Pacific Railroad. The trajectory model showed that the oil
will continue to spread to throughout the Suisun, San Pablo, and North Central Bays (Figure 7).
The oil degradation model produced an oil budget and estimated that the Bakken crude oil will
begin to evaporate immediately after the spill occurs and will begin to disperse after 2 hours and
will emulsify after approximately 5 days (Figure 8). Approximately 40,000 gallons of Bakken
crude oil will remain on the water (Table 7). The results of the tidal excursion, trajectory, and oil
weathering correspond to existing literature and actual events (Figures 9 and 11) (McCay and
Rowe, 2009 and Fischel and Robilliard, 1991).
Ecological Risk Assessment
A spill originating from the Union Pacific Railroad Bridge has a 20% or greater potential
to impact a total of 34 sensitive sites (Table 9) (California Department of Fish and Wildlife,
2014). Wetland vegetation are impacts will be as high as 260,000 square meters (Figure 12-A)
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(McCay and Rowe, 2009). Species behavior, abundance, and time will have an effect on the total
number of species oiled in addition to the types of oil discharged (Figure 12-B, C, and D)
(McCay and Rowe, 2009). An incident occurring in the fall would have the greatest impact on
the number of organisms oiled because of the large number of shore birds present (Figure 12-D)
(McCay and Rowe, 2009). Lighter oils will have more bird and aquatic impacts due to the faster
surface spreading rate and dispersion into the water column (Figure 12-C and D) (McCay and
Rowe, 2009). Vegetation impacts will be less during dormant seasons in the fall or winter;
impacts to plants will be greater during the growing season (Michel and Ruthford, 2014). An
incident occurring at any time of the year would have an impact on wildlife or plant species.
Response Options
The main ecological response objective should be to limit shoreline oiling by focusing on
the removing the oil from the water surface as quickly and effectively as possible. Response
options should limit any additional environmental damage beyond the oil pollution (Venikos et
al., 2004). If the Bakken crude oil catches on fire from the derailment and safety of first
responders, public, and property is secure, it is recommended to continue to burn the oil in situ
and remove the rest of the oil with an on-water mechanical recovery method. In situ burning will
decrease the effectiveness of dispersants, mechanical, and natural recovery because of the
residue left behind; and dispersants will decrease the effectiveness of oleophilic skimmers (EPA,
1993). If in situ burning is not a viable option, then it is recommended that on water mechanical
oil recovery in conjunction with dispersants, and then followed by bioremediation or natural
recovery (Dave and Ghaly, 2011). In the likely event of shoreline oiling, minimal shoreline
cleanup methods and natural recovery are recommended. Bioremediation through the addition of
nutrients may increase the rate of natural recovery but will depend on each specific oiled area
and should be field tested (Atlas, 1995 and EPA 1993).
Costs
Oil spill responses are paid for by the responsible party, the Oil Spill Liability Trust
Fund, or the combination of the two. The Oil Spill Liability Trust Fund is paid for by taxes on
imported and exported oil, and imposed spill fines. Costs of a response are difficult to measure
because the variations on the spill location, type of oil, size of the spill, and the clean-up strategy;
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the variables within each individual oil spill make it difficult to estimate the average costs (Etkin,
2000). The total cost of near shore spills can cost up to five times higher than spills occurring
offshore (Etkin, 2000). The average cost per gallon in the U.S. is $124.55 (2016 USD) for a spill
oiling 20 to 90 kilometers of shoreline length (Etkin, 2000). Oil spill response in the San
Francisco cost are 15% more expensive; the average cost per gallon in San Francisco is $183.77
(Etkin, 2001).
Response costs for the 100,000 Bakken crude oil derailment occurring in the Carquinez
Strait, based on the average cost per gallon in San Francisco would cost approximately $18.4
million (2016 USD) (Appendix 4). The cost of each primary response method previously
discussed were calculated, and are listed in rank order from least to most expensive response
method: Natural recovery ($233,000), in situ burn ($583,000), dispersants ($1,070,000),
mechanical recovery ($2,150,000), and manual shoreline cleanup ($4,410,000) (Appendix 4).
Natural recovery and on-water mechanical recovery would cause the least amount of
environmental damage beyond the oil damage; dispersants and in situ burning would be the most
effective; and shoreline clean up would cause the highest environmental impact.
Table 20. Analysis of response methods for a 100,000 gallon Bakken crude oil spill with respect to costs, effectiveness, and
environmental impact.

Response
Natural Recovery
On-water
Mechanical
Recovery
Dispersants
In situ Burning
Shoreline Clean
up

Response Cost ($US)
233,000

Effectiveness
Up to 90%

Response Option
Environmental Impact
Low

2,150,000

10-20%

Low

1,070,000
583,000

80-90%
90-98%

Medium
Medium

4,410,000

Varies

High

Environmental remediation costs are based on 1) habitat restoration, and 2) restock and
rehabilitation of species, and 3) socioeconomic losses (McCay et al., 2004). Habitat restoration
costs are based on the creation of saltmarshes. The cost of to create a saltmarsh in San Francisco
Bay is $64.01 per square meter; approximately 30,000 square meters were of salt marsh were
oiled in the scenario and would cost approximately $1.9 million (2016 USD) to restore (McCay
and Rowe, 2009). Restock and rehabilitation of seabird species costs are based on the Resource
60

Equivalency Analysis (McCay et al., 2004). Costs of birds in California (Table 19) range from
$120 to $13,430 per bird to restore (McCay et al., 2004). Other bird species of concern present in
the Suisun and San Pablo Bay include the California black rail, California clapper rail, saltmarsh
common yellowthroat, Suisun song sparrow, waterfowl, ducks, Canadian geese, winterizing
migratory birds, peregrine falcons, and raptors (California Department of Fish and Wildlife,
2014). Restock and rehabilitation costs would depend on the number of wildlife oiled.
Socioeconomic losses are based on impaired human uses of the San Francisco Bay including
park visits, on water recreation, and fishing (COSCO BUSAN Oil Spill Trustees, 2012).
Management Recommendations
Management recommendations were based on the best response methods, preparation,
and prevention of crude by rail incidents. An optimal response is effective and minimizes the
environmental damages and costs (Table 20) (Prendergast and Gschwend, 2014). It is
recommended that a combination or response methods be used to optimize the response
effectiveness and limit the amount of shoreline oiling ((Dave and Ghaly, 2011 and California
Department of Fish and Game, 2014). Alternative response technologies of in situ burning and
dispersants should be immediately discussed for potential use in conjunction with mechanical
recovery (Figure 18). Minimal shoreline cleanup is recommended; natural recovery and filed
testing of bioremediation is recommended. Planning and exercises should be implemented to
facilitate decision making processes and networking (EPA 1993). Prevention of future incidents
could be achieved through implementing new safety protocols and mandatory environmental
emergency management planning by passing the Crude by Rail Safety Act.
Limitations of Research
Limitations existed with respect to the uncertainty of the event, limited scientific data
addressing crude by rail and Bakken crude oil, and contradicting scientific data and policies
concerning alternative response techniques. The oil amounts, specific properties, and conditions
were all assumed for generating a scenario with the largest environmental impact to Suisun Bay.
The assumptions were for planning purposes and should be modeled in real time in the event of
an actual response. Scientific information was limited on the specific chemical composition and
properties of Bakken crude oil; reliance on industry data was necessary to conjure the scenario.
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In contrast, wide amounts of scientific information are available for dispersants. Many dispersant
scientific studies contradict the effectiveness, toxicity, and environmental impacts. U.S. policy
reflects the uncertainty by limiting dispersant use compared to European countries where
dispersants are commonly used.
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Appendices
Appendix 1. ADIOS data input.
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Appendix 2. ADIOS data outputs.
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Appendix 3. Oil weathering half-life calculation.
Half-life equation:
𝐶 = 𝐶0 𝑒 −𝑘𝑡
𝑘=

ln 2
ℎ𝑎𝑙𝑓 𝑙𝑖𝑓𝑒

C = concentration
C0 = original concentration
t = time
Half-life = 500 days
Calculated estimation for when the oil concentration will by 10% of the original amount.
𝐶
= 10% = 𝑒 −𝑘𝑡
𝐶0
𝑘=

ln 2
500 𝑑𝑎𝑦𝑠

0.10 = 𝑒

ln 2
)𝑡
−(
500 𝑑𝑎𝑦𝑠

Solve for t:
ln 0.10 = − (

ln 2
)𝑡
500 𝑑𝑎𝑦𝑠

−2.3 = − (

0.0014
)𝑡
𝑑𝑎𝑦𝑠

𝑑𝑎𝑦𝑠
𝑡 = −2.3 (
)
−0.0014
𝑡 = 166.97 𝑑𝑎𝑦𝑠 ∗

1 𝑦𝑒𝑎𝑟
365 𝑑𝑎𝑦𝑠

𝑡 = 4.55 𝑦𝑒𝑎𝑟𝑠
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Appendix 4. Response Costs Calculations.
Response costs were estimated using equations and modifiers from Etkin (2000).

To estimate response costs, the cost modifiers were determined using Table 10 from
Etkin (2000). Modifiers were based on the 100,000 gallon Bakken crude oil discharge in port.
The general cost per gallon was converted from liters to gallons and adjusted for inflation from
1999 to 2016 U.S. dollars (U.S. Inflation Calculator, 2015). This provided the general cost per
gallon in the U.S. for 2016 (Cn). The amount spilled (100,000 gallons) was multiplied by the Cn
which equaled the total average cost for the incident. The Cn was then used to estimate the cost
per gallon spilled for the scenario (Cli). The Cli is greater than the Cn because of the higher
response costs in San Francisco and because the in port location of the scenario (Etkin, 2001).
Multiplying the Cli by the amount spilled increased the total costs to $18.3 million. The Cli was
used to estimate the response cost per gallon for each method, and cost of each method.
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